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 The Hornelen basin, a tectonically-controlled Devonian extensional basin formed during 
the late stages of the Caledonian orogeny in SW Norway, provides an opportunity to investigate 
the geologic and tectonic evolution of the Caledonides through the use of single grain detrital 
thermochronometers. The Caledonides are an extensively studied orogen, which today expose 
medium- to high-grade metamorphic rocks from the core of the Siluro-Devonian continent-
continent collision between Baltica and Laurentia.  Important questions remain unresolved 
concerning the structural style of orogenic collapse, the geodynamic mechanism for the 
exhumation of ultra-high pressure metamorphic terranes, and the latest stage evolution of the 
orogen as a persistent topographic welt 400 million years after the main collisional event. 
  This thesis presents the novel approach of using multiple chronometers on a single, large 
set of detrital samples from the Hornelen to elicit layers of information about the evolution of the 
basin source regions (and thus the ancient, regional geology of the now-long-since-eroded 
surface of the Caledonides).  Using an extensive sample set that spans the basin through both 
space and time, and a suite of thermochronometers that span the range of closure temperatures 
from 850ºC (zircon) down to 60ºC (apatite fission-track), I interpret the data in terms of changes 
in basin provenance that are directly controlled by the structural setting of the basin, thus 
providing insight into the large-scale structure of an orogenic collapse. The low temperature 
chronometers (apatite and zircon fission-track) provide information about the post-depositional 
thermal history of the basin, and insights into the structural controls on this latest uplift history. 
Overall, these data shed new light on both the late-stage evolution of the Caledonian orogeny as 
well as the post-Caledonian history of uplift that continues to shape the modern Norwegian 
landscape. 
 In chapter 1, I employ detrital zircon U/Pb dating on a suite of twenty  samples that 
complement the previous work of Johnston (2006) and Pedersen (2011), and document a spatial 
pattern that supports Cuthbert’s (2000) observations of distinct N-S asymmetry in basin 
provenance.  Chapter 2 presents detrital mica 40Ar/39Ar dating on twenty four samples from the 
same suite combined with (unpublished) data from three additional samples obtained by C. 
Warren at Open University; these data reflect a different dimension of the changes in basin 
provenance than the zircon data, documenting an up-section younging trend in mica ages. I 
interpret the detrital mica data to reflect progressive exhumation of the metamorphic core of the 
Caledonian orogen during basin opening and use the mica data to place constraints on absolute 
chronology of the basin opening.  Chapter 3 delves further into the detrital zircon data using a 
petrochronological approach, complementing the U/Pb age data from Chapter 1 with trace 
element analyses from forty three zircons, mainly the youngest Caledonian (Scandian) aged 
grains, but also including an enigmatic population of Archean and Paleoproterozoic zircons. 
Single grain trace element data from these zircons (which have no obvious source in the 
allochthons) points to a provenance in the WGR for both the youngest, and oldest, detrital zircon 
populations in the Hornelen.   
 Chapter 4 takes a different approach to detrital thermochronology, focusing on low 
temperature thermochronometers from the Hornelen and surrounding basement rocks, and 
interpreting two data sets (apatite and zircon fission-track) in terms of the latest uplift history of 
SW Norway: a history which is poorly constrained by the lack of onshore sedimentary deposits 
since the Devonian, and for which low-temperature thermochronology represents one of the most 
fruitful modern approaches. Based on subtle cooling-age differences around the Hornelen, I 
conclude that a single low angle detachment fault underlying the basin is unlikely, and instead, a 
series of reactivated, N-S trending normal faults have determined the structural evolution of the 
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The Devonian basins of SW Norway
 In southwestern Norway, nestled against the North Atlantic coastal margin, a series of 
enigmatic sedimentary basins are preserved as rugged massifs, raising glacier-capped highlands 
above the surrounding landscape of forested fjordlands.  These Devonian-aged basins, made of 
remarkably hard sandstone and conglomerate of lower-greenschist facies, have held their own 
against the onslaught of the Scandinavian ice sheets, standing tall and resistant where the 
surrounding metamorphic gneisses and mylonites have yielded their claim to the high ground 
and been carved into deep fjords.  The Caledonian orogenic belt, which runs along the west coast 
of Norway and extends several hundred kilometers inland, comprises mainly igneous and 
medium- to high-grade metamorphic rocks that represent the deep-crustal, inner workings of the 
Caledonian orogen. The Devonian basins stand out not only geographically,  but also 
geologically, from the surrounding country, as the only sedimentary deposits preserved in almost 
the entire orogenic belt in Norway.  
 There are four main basins (Solund, Kvamshesten, Håsteinen, and Hornelen), and a 
number of smaller remnants of related deposits along the coast; of these Hornelen is by far the 
largest and seemingly the most completely preserved.  The basins are filled with coarse clastic 
sediments derived from the eroding late stages of the Caledonian orogeny, and are presumed to 
represent individual sub-basins that at one point coalesced into a thick, post-Caledonian 
sedimentary cover that may have been as much as 10 km thick over the Caledonian basement.   
Early reconnaissance work and paleontological investigations of the basins took place from the 
mid-1800‘s through the mid 20th century. Terrestrial flora such as psilophyte, and fish fossils 
(crossopterygian) assigned a Middle Devonian (Givetian) age for these deposits, excepting the 
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northern Trondheim-area remnants, which were assigned Early Devonian on the basis of spores 
(Jarvik, 1949; Hoeg, 1945; and reviews in Spjeldnæs, 1985; and Steel et al.,1985) and pointed to 
at least a temporal link with the famous Old Red Sandstones of Scotland.  Although most of the 
deposits in Norway are steely grey to green in color, the ‘Old Red’ label for these basins was 
adopted to emphasize, if not their color, their tectonic and temporal connection with roughly 
synchronous sedimentation in Scotland and around the North Atlantic.  
 Then, in the 1960’s, NGU led efforts by I. Bryhni and others sparked renewed interest in 
the Devonian basins when these workers published new mapping of the basins, showing faulted 
contacts and internal facies distributions that documented an obvious relationship between the 
marginal faults and conglomeratic facies (e.g. Bryhni, 1964; and see review in Steel et al.,1985). 
Building upon this mapping, R. Steel led a decade-long research effort aimed at understanding 
the relationship between tectonics and sedimentation in the basins.  Armed with a compass, a 
Jacob’s staff and a millimeter-scale for grain size measurements, Steel and his students made 
detailed observations and maps, mainly in the Hornelen basin, thoroughly documenting facies 
belts, paleoflow indicators, and systematic changes in grain size.  In a series of papers and theses, 
both published and unpublished throughout the 1970’s, they meticulously recorded observations 
of the internal sedimentology and built a case for local tectonic controls on the sedimentation in 
the western Norway Devonian basins. 
3
Hornelen basin stratigraphic architecture and structure  
(from Steel et al., 1976; 1977; Steel and Gloppen, 1980)
 The Hornelen basin fill consists of a remarkable 25 km of tilted (~20° eastward dip) 
strata, organized into three distinct depositional systems.  Thick (100-200 m) alluvial fan and 
debris flow deposits with small (~1 km) radii flank the northern margin, while larger (5 km 
radius) and thinner (80-100 m), highly asymmetric, stream-flow fans flank the southern margin.  
The fans disperse sediment across the basin margin and feed into the basin axis, where they 
interfinger with a longitudinally-dispersed alluvial system with a paleoflow from E to W.  A 
lacustrine sub-basin is found in the upper (eastern) reaches of the northern margin of the basin.  
The axial deposits comprise fine- to medium-grained sand in the distal, western reaches, and 
progressively coarser to pebbly sandstone in the proximal, eastern deposits.  Basinwide, 
approximately 150 cyclothems, each on the order of 100-200 m, affect all three depositional 
systems synchronously, i.e., both the N and S marginal fans and axial alluvial systems are in-
phase with respect to the cyclicity.  Cyclothems are defined by coarsening-upward, or 
coarsening-upward-fining-upward, sequences. The coarsening upward cyclicity is interpreted to 
represent the basin’s response to base level fall, or periodic increasing in accommodation. In the 
marginal fans, an eastward shift of the depocenter for each fan system is observed between each 
cyclothem, with an average lateral shift of 250 m for each 100 m (vertical thickness) cycle, 
leading to the interpretation that strike-slip motion on basin bounding faults was 2-3 times 
greater than the dip-slip component.
 Based on the coarse, clastic nature of the basin fill, and the preservation of alluvial fan 
geometries that record sediment dispersal across present basin margins, the assumption has been 
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made that Devonian faults with similar geometries to the existing faults were responsible for 
creating steep marginal topography and providing a constant, abundant source of sediment.  
These faults must have been very active, because the sediment supply was continuous enough 
that almost no evidence of depositional hiatuses or unconformities can be found within the basin, 
making the Hornelen an unusual case of a stratigraphic record where time is represented almost 
entirely by preserved rock (Anderson, 2002).  The modern faults are steep, brittle faults that dip 
(50-60°) in towards the basin center on the north and south margins, and a shallowly west-
dipping (15°) normal fault on the eastern margin.  This fault is observed to have a cut-off angle 
of ~45° with the overlying bedding.  Soft-sediment deformation is observed within the sandy 
alluvial deposits, and a pair of ENE trending, open- to -upright-folds affect the southern and 
northern, margins, respectively.  Aside from these late folds, no other internal folding or faulting 
affect the stratigraphy. 
 Three first-order observations led to the conclusion that Hornelen is a classic example of 
a tectonically-controlled basin: (1) the unusual stratigraphic thickness (25 km) of Hornelen, 
especially in relation to the size of the basin (70 x 25 km); (2) the overall coarse-grained 
character of the sediments; and (3) the striking cyclicity of the sedimentation.  These 
observations imply that the Hornelen, as well as the other Devonian basins of western Norway, 
are remnants of intramontane, fault-bound basins in which the cyclical sedimentation was 
controlled by some combination of tectonism, climate, and allocyclic mechanisms (Steel et al.,
1977).  
 Addressing the question of what tectonic model(s) could adequately explain the observed 
features of the basin, Steel and Gloppen (1980) argued for a strike-slip setting for Hornelen 
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basin.  They based this argument on general characteristics of the basin (elongate shape, high 
sedimentation rates, high stratal thickness : basin area ratio, abrupt lateral facies variation and 
lack of igneous activity) which show distinct similarities to the Ridge Basin, CA (Crowell, 
2003), as well as more refined observations: the geometry of skewed fan bodies, the overall 
asymmetry of the basin (with respect to fan body geometries, N vs. S margins) and the mis-
match between fan clasts and basement lithologies.  These specificities helped define a model in 
which the northern margin of the basin was bounded by a dextral oblique-slip fault, where the 
strike-slip component was 2-3 times greater than the dip-slip component, and episodic strike-slip 
movement, against a background of continuous dip-slip, produced the striking basin-wide 
cyclicity.  
 The strike-slip model was developed in Ridge Basin, CA, to explain very similar 
observations. Like Hornelen, Ridge Basin consists of an unusually thick pile of tilted, shingled 
sediments (14 km), relative to its size, and contains both coarse-grained marginal facies and finer 
grained axial facies.  In this model, the basin is created at a restraining-releasing bend on a 
dextral strike-slip fault.  The restraining bend causes transpression  and uplift of highlands 
adjacent to the main depocenter for the northern marginal fanglomerates; as long as the 
transpressive stress field is maintained, the source area is constantly rejuvenated and provides an 
abundant source of coarse, proximal sediment into the basin depocenter.  The basin floor then is 
moved along (westward) with the ‘hanging wall’ block of the oblique-slip fault; the depocenter 
(and source of sediment) remains fixed at the fault bend, and this results in an apparent eastward 
onlap of progressive fan deposits and creates the tilted, shingled, extraordinarily thick pile of 
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sediments. In this model, the bulk of the axial sediments and the southern margin stream flow 
fanglomerates are both sourced in the ‘footwall’ fault block.  
 The strike-slip model is satisfying in that it explains a number of the enigmatic 
observations: 25 km stratal thickness; tilted, shingled deposits; basinal asymmetry with steeper 
northern margin; and mis-match of clasts and basement across the northern margin.  However, a 
main objection to this model has always been that no major strike-slip fault has been mapped 
into the basement to the east; on the contrary, both northern and southern marginal faults appear 
to die out in short order when traced eastwards beyond the Hornelen.  Steel et al. (1985) 
suggested that this model does not require a major strike-slip fault, only subsidiary dextral faults 
that may have existed in an overall sinistral megashear tectonic regime (the large-scale context 
favored for Devonian plate motions by paleomagnetics).   The late folding of the basin is 
unaccounted for in this model.  
New Developments
 By the mid-1980’s, several developments in the understanding of orogenic belts led to a 
new interpretation and revised tectonic models for the Devonian basins in Norway.  The 
discovery of Caledonian high-pressure eclogites (Griffin and Brueckner, 1980) and coesite-
bearing, ultra-high pressure eclogites (Smith, 1984) in the Western Gneiss Region of SW 
Norway, just north and east of the Hornelen basin, provided evidence of the subduction of 
continental crust into the mantle during continental collisions.  After a century of research 
focused on the construction of the Caledonian orogen through collisional tectonics and thrust 
faulting (e.g. Törnebohm, 1888; and see review in Law et al., 2010), extensional tectonics began 
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to be recognized as an important factor in orogenic systems around the world (particularly the 
recognition of metamorphic core complexes and related detachment faults, see Wernicke, 2009 
and Fossen, 2010).
 This shift in geologic consciousness brought swift results in the Caledonides: within a 
few years, major extensional structures were recognized in SW Norway, initially by Hossack 
(1984) -- based not on field studies, but rather solely on the omission of structural section 
apparent from existing geologic maps of the area.  Norton (1986, 1987) was the first to describe 
one of these structures in the field and draw the connections between the metamorphic evidence 
for an extremely overthickened orogenic crust, a major extensional detachment, and the 
Devonian basins.  The primary structure in SW Norway is known as the Nordfjord-Sogn 
Detachment [Zone] (NSDZ), which has turned out to be one of the most profound extensional 
structures in the world, and is closely related to the formation of the Devonian basins. 
 The NSDZ is a major mid-crustal, amphibolite-to-greenschist facies ductile extensional 
shear zone that juxtaposes high grade (eclogite facies) metamorphic rocks in the footwall against 
lower-greenschist facies Devonian sediments in the hanging wall.  The excising of crustal section 
(here marked by a metamorphic gap from greenschist to eclogite facies across the shear zone, 
equivalent to ~60 km of excised crust, see Wilks and Cuthbert, 1994) with higher grade 
metamorphic rocks in the footwall is one of the defining characteristics of metamorphic core 
complexes, as identified in the type areas of the Basin and Range province of the southwestern 
U.S. (Davis, 1980).  Drawing on the close relationship of exhumed high-grade metamorphic 
terranes with the remnants of a once-extensive system of interconnected Devonian basins, the 
Old Red Sandstones and the North Atlantic Caledonides were proposed as an ancient analog to 
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the modern Basin and Range (McClay et al., 1986), and the Hornelen basin has been firmly 
situated in the context of extensional tectonics, orogenic collapse, and exhumation of an ultra-
high pressure metamorphic terrane, ever since these landmark papers of the mid-1980’s.  
 Upon the recognition of the NSDZ as a major extensional fault that formed the eastern 
tectonic boundary to the Hornelen, Kvamshesten, and Solund basins (Håsteinenen would later be 
shown to be bounded on all sides by unconformity, see Vetti and Fossen, 2012), Hossack (1984) 
proposed a listric normal fault model for the formation of these basins.  Variations on this model 
have followed in the intervening years (e.g. Norton, 1987; Séranne and Seguret, 1987; Wilks and 
Cuthbert, 1994; Vetti and Fossen, 2012), with many attempts to better explain the stratigraphic 
observations and the observed folding of the basins.  The common elements of these models, 
which are here collectively referred to as the supradetachment model (Friedmann and Burbank, 
1995), include:  (1) a scoop-shaped, listric normal fault that soles into a low-angle detachment 
fault at shallow depth, and curves around (in map view) to form opposing strike-slip faults on the 
northern and southern basin margins; (2) the source of the sediments in the rising footwall, with 
the depocenter located initially on the hanging wall adjacent to the fault, after which point the 
sediments are progressively deposited on the fault surface of the footwall while older sediments 
are carried away from the depocenter, riding on the hanging wall.  Most variants of the 
supradetachment model envision the brittle Hornelen detachment as an upward splay of the 
NSDZ, such that the opening of the basin is the surface expression of large scale ductile simple 
shear of the mid-crust.
 The supradetachment model succeeds in explaining many of the enigmatic observations 
of the Hornelen basin and the surrounding geology, including: a minimum of 25 km of tilted, 
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shingled strata; the unconformable basal contact in the west; the apparent strike-slip faults 
bounding the northern and southern margins and the low- angle normal fault underlying the 
eastern margin; the close structural relationships to the underlying NSDZ, such as parallelism 
between fold axes within the basin to lineations and fold axes of the NSDZ mylonites.  While the 
timing and mechanism for the late, N-S constrictional folding continues to elude a conclusive 
interpretation, the supradetachment model allows for a combination of E-W directed extension 
with N-S shortening, thus providing a satisfying kinematic link between the tectonic processes 
that opened the basin and the process that later (or synchronously) folded the entire crustal 
section, including the basins.  Krabbendam and Dewey (1998) presented a version of the 
supradetachment model in which oblique plate divergence and  transtensional deformation are 
the driving tectonic forces resulting in vertical thinning of the crust, exhumation of the UHP 
terrane, and N-S folding of the entire crustal section, including the Devonian basins.  
 In the thirty years since the supradetachment basin model was first proposed for Hornelen 
and the other Norwegian Devonian basins, they have become widely accepted as such.  
However, several problems were identified early on and have yet to be adequately resolved.  
First, the version of the supradetachment model which invokes a subhorizontal detachment fault 
underlying the basin has sediment-supply problems: maintaining high topography in the footwall 
is difficult for an extremely low-angle fault (Steel et al.,1985). This problem is possibly solved 
by invoking geodynamic explanations for buoyancy-driven, prolonged footwall uplift.  Secondly, 
multiple authors have recognized the problem of asymmetry of the basins and internal facies 
architecture (Steel and Gloppen, 1980; Osmundsen et al., 1998), and recognized the problem of 
asymmetry for the supradetachment model, which depends on a certain degree of geometric 
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symmetry to be mechanically possible. Third, there are distinct practical/mechanical problems 
posed by the model; variants that invoke a subhorizontal, brittle normal fault under the basin 
must assume non-Andersonian fault mechanics to explain how movement on such a fault is 
possible (Wernicke, 2009; Axen, 2007). Further, even if one accepts the mechanical paradox of 
slip on such a fault, the model calls for the entire 25 km of stratigraphy to slip along a low-angle 
fault surface without internal deformation.  Steel et al.(1985) recognized this problem; 30 years 
later, while other examples of supradetachment basins have been recognized, none have survived 
detachment slip free of internal deformation (R. Steel, pers. comm.)
Advances in the analytical era
  Since the mid-1980’s, many advances have been made in geochronology, 
thermochronology, and the interpretation of ductile deformation fabrics, driving an evolution in 
our understanding of relative and absolute timing of the formation of the basins and the 
exhumation and cooling history of the metamorphic core of the orogen (the Western Gneiss 
Region), and placing additional constraints on potential geodynamic and tectonic models.  Most 
importantly for the extensional tectonic story has been the advent of 40Ar/39Ar dating of K-
bearing minerals (esp. hornblende, biotite  and muscovite) with mid-range closure temperatures 
(300-550℃), and the proliferation of high quality argon data from around the southern 
Caledonides beginning in the mid-1980’s.  Subsequently, advances in U-Pb dating of zircon, 
titanite, rutile and monazite (higher closure temperatures) have helped to tell a very nuanced 
story about the subduction and exhumation in stages, of the UHP Western Gneiss Region.  
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The eclogite revelation
 In 1980, Griffin and Brueckner used Sm/Nd isotopic evidence to show, for the first time, 
that eclogites (already well known from around the Western Gneiss Region) were formed from 
pre-existing crustal rocks during the Caledonian (Scandian) orogeny. Prior to this, relatively few 
radiometric ages were available from Norway and most of the chronology was based on 
structural relationships and fossil evidence.  The eclogites were assumed have been formed in 
oceanic subduction zones and later emplaced within the WGR during Caledonian thrusting.  
Shortly thereafter, coesite was discovered in Norwegian eclogites (Smith, 1984), requiring 
subduction of the continental crust to mantle depths (ultra-high pressure, UHP).  These 
discoveries immediately raised questions about the geodynamic mechanism and timing of the 
implied continental subduction and eduction/exhumation of SW Baltica; questions which in 
many cases remain an open discussion 35 years later.  
40Ar/39Ar dating and interpreting the kinematics of shear zones
 Argon geochronology was poised to offer some answers to these questions.  In the 
mid-1980’s, the K-Ar technique was cumbersome, but in wide use; the mid-range closure 
temperatures for argon systems meant that data could be used to constrain the post-peak-eclogite 
facies metamorphism and subsequent cooling of the WGR (Lux, 1985; Cuthbert, 1991).  The 
development of the 40Ar/39Ar technique gained a rapid foothold in Norway in the early 1990’s, 
and a series of studies were published on 40Ar/39Ar ages from the allochthons (Dallmeyer, 1990; 
Coker et al.,1995; Boundy et al.,1996; Andersen et al.,1998).  These studies yielded mixed 
results; hornblende and mica ages from northern Norway (Seve and Köli nappes) ranged 
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373-425 Ma, (Seve and Koli nappes)  while along the SW coast (Lindås nappe  and Hoyvik 
Group) ages range 430-460 Ma,seeming to fall into two groups.  Complicated Ar-release spectra 
and evidence for excess argon pointed toward interpreting the data in terms of ‘polyphase 
orogenic pulses’ (Dallmeyer, 1990).  
 Almost synchronously, kinematic indicators in ductilely deformed rocks were becoming 
widely recognized and applied in shear zones to interpret relative sense of motion (e.g., Fossen, 
1992).  These two tools were combined in SW Norway to date the timing of extensional (top-to-
the-west) deformation by analyzing hornblende and mica from shear zones (Chauvet and 
Dallmeyer, 1992; Fossen and Dallmeyer, 1998; Fossen and Dunlap, 1998) with consistent 
kinematic indicators.  Recognizing that argon ages could represent cooling ages as suggested by 
Dodson (1973), or could instead be interpreted as ages of mineral growth in a shear zone at 
temperatures near, or below, the nominal Ar-closure temperature for a given mineral, these 
workers obtained 40Ar/39Ar  ages from shear zones with both top-E (contractional) and top-W 
(extensional) fabrics and interpreted the resulting ages in terms of the timing of shearing.  
Chauvet and Dallmeyer (1992) provided the first radiometric constraints on the NSDZ (393-404 
Ma), and showed that a sample from the WGR, below this major structural detachment, had a 
younger age of 385 Ma, thus supporting the extensional detachment model.  Fossen and 
Dallmeyer (1998) and Fossen and Dunlap (1998) addressed the timing of thrust-related shearing 
versus extensional shearing in two areas of southern Norway, in the context of Fossen’s (1992) 
Mode I/Mode II extensional model.  Their results showed a clear earlier phase of thrust-related 
ages in the Jotun Nappe region, 415-408 Ma, compared to extensional fabrics dated 402-394 Ma.  
Ages in the Bergsdalen nappes area (Bergen Arcs area) showed no difference between 
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contractional and extensional fabrics, but were interpreted as extension-related cooling ages 
(403-398 Ma).   
 By this time (the late 1990’s), a substantial dataset of mica and hornblende 40Ar/39Ar ages 
existed in the literature, and a pattern of younger ages in the WGR (below the NSDZ) had begun 
to emerge -- although the spread of argon ages from mylonites of the NSDZ (396-414 Ma) 
already tested the limits of the technique to resolve the geochronology in a zone of complicated 
amphibolite-facies shearing (see review in Andersen, 1998).  Recognition of other extensional 
detachments in Norway led workers to document timing and kinematics with the same tools.  
The Hoybakken detachment and the Møre-Trøndelag Fault Complex (MTFC) in central Norway 
juxtapose many of the same geologic elements seen around the NSDZ: mylonites, brittle faults, 
Devonian basin remnants, and exposed basement windows.  40Ar/39Ar dating applied to shear 
zone mylonites of the Hoybakken detachment and basement rocks from the footwall to this 
structure yielded ages of 384-381 Ma for the shear zone, and ~390-400 Ma for the footwall, 
(hornblende and mica, Kendrick et al., 2004; Dallmeyer et al.,1992), giving new context to 
hanging-wall-correlative ages from the Seve and Köli nappes obtained previously (420-435 Ma, 
Eide and Solli, 2002).  Meanwhile, kinematics of the related MTFC showed sinistral shearing 
related to long-lived transtension (Osmundsen et al., 2006). 
New analytical methods applied to the Devonian basins
 While these developments had painted a convincing picture of extensional/transtensional 
tectonics dissecting the Norwegian Caledonides in the Devonian, the absolute timing of final 
unroofing of the UHP terranes, brittle deformation, the opening of the Devonian basins, and the 
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late N-S folding were still unresolved -- though all apparently closely related, based on structural 
studies from the 1990’s.  An analytical and modeling study by Eide et al.(1999) used multi-
domain diffusion modeling of K-feldspar 40Ar/39Ar data to document a previously unrecognized 
Early Carboniferous uplift/cooling event in both the footwall and hanging walls of the NSDZ, 
showing that the entire crustal section experienced slow cooling from 380-360 Ma followed by 
20 m.y. of rapid cooling (and presumed tectonic activity) before returning to a slow-cooling 
regime post 340 Ma.  This study placed some constraints on a relatively unknown episode in the 
thermal history of SW Norway; however the results could only be speculatively correlated with 
observations of episodes of deformation from the field (i.e, the N-S folding of the Devonian 
basins).  
 In an attempt to place the Devonian basins in the timescale context provided by the 
growing body of radiometric age data, Eide et al. (2005) applied 40Ar/39Ar dating to both clasts 
and detrital mica grains from Old Red sediments in the northern-most Devonian basin remnant 
from central Norway, the Asenøya basin.  This tiny island outcrop of red bed alluvial sands and 
conglomerates had been presumed to be Early-Middle Devonian (or younger) based on plant 
spores (Allen, 1976; Hoeg, 1945).  The new results suggested a maximum depositional age of 
Latest Devonian based on a 371 Ma K-spar 40Ar/39Ar age from a granitic clast; detrital mica ages 
ranged from 386-416 Ma, falling mostly between 390-400 Ma, and pointing toward a source for 
the sediments in the Central Norway Basement Window (CNBW), equivalent to the WGR 
further south.   Although from different geographic areas, these two studies by the Norwegian 
Geologic Survey (NGU) researchers stretched the resolution of absolute timing of Caledonian-
collapse tectonics, and hinted at a poorly-understood phase of tectonic activity in western 
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Norway: the Middle Devonian-Carboniferous.  At what point did the structurally-controlled 
basins begin to open?  How extensive was this system of Devonian basins, and how deeply 
covered in sediment did the Caledonides become before the rejuvenation of block uplift began to 
invert the basins? 
 If the new geochronological approach in western Norway was shedding much light on 
ductile deformation at mid-crustal depths (and lower), the brittle deformation in the upper crust 
was still poorly constrained.  Paleomagnetic studies from the late 1980’s (Torsvik et al.,1987; 
1988) had made a case for Late Devonian-Carboniferous faulting and N-S folding of the basins, 
and concluded that the brittle faults now exposed were younger structures that had reactivated or 
excised the original Devonian faults; these data offered no insights into brittle deformation 
during the Devonian exhumation of the UHP terrane and the initial orogenic collapse of the 
Caledonides.  Subsequent attempts to better constrain episodes of brittle faulting in SW Norway 
using dating methods applied to fault breccias, fault gouge, and dolerite dikes have identified 
several episodes of faulting and dike activity since the Devonian (Torsvik et al., 1997; Eide et al., 
1997; Andersen et al., 1999; Ksienzyk et al., 2012, 2014), most of which can be correlated with 
phases of rifting in the North Sea and North Atlantic.  Perhaps not surprisingly, given the long 
history of brittle deformation since the Devonian, the absolute age and nature of brittle faulting 
and basin opening remains elusive despite these new and innovative analytical approaches to the 
questions.
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The Decade of Data
 If brittle deformation and basin opening have remained somewhat poorly constrained, the 
ductile deformation and chronology of exhumation and cooling of the UHP terrane are questions 
that have been flooded with data since the late 2000’s. The advent of high-precision, spatially-
resolved, laser ablation mass spectrometry as well as 40Ar/39Ar dating (among other analytical 
methods) made possible the addition of  large numbers of data points to the existing zircon, 
titanite, rutile, mica, and hornblende datasets.  Much of this work has been produced by the UC 
Santa Barbara/University of Oslo research group, led by Brad Hacker, Phil Gans, their students 
and post docs, and T.B. Andersen, F. Corfu, and H. Austrheim from Oslo.  In addition to 
geochronology, they have published extensive structural and petrologic observations, including 
LPO analysis of strain-related fabrics. These contributions have brought into focus some of the 
already-emerging trends, as well as allowing for nuanced interpretations of the geodynamics of 
subduction and exhumation of SW Baltica during the Scandian orogeny.  
 Some of these contributions include U/Pb eclogite zircon dating and REE analyses, 
refining the chronology of peak UHP metamorphism to 400-405 Ma (Root et al.2004, 2005; 
Kylander-Clark et al., 2008).  Extensive 40Ar/39Ar chronology of white mica from the WGR, 
documented an E-W gradient in mica ages as well as discrete UHP domains that record N-S 
folding of the WGR crust and progressive W-to-E unroofing from 400-380 Ma (Root et al.2005; 
Walsh et al.2007; Walsh et al.2013). Structural  observations, and evidence from multiple 
mineral chronometers, has been interpreted in terms of a two phase model for the exhumation of 
the WGR, put forth by Hacker (2007) and supported by subsequent authors (Johnston 2007a,b; 
Kylander-Clark et al., 2008).  In this model, the bulk of exhumation was achieved through 
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coaxial deformation, or adiabatic diapiric rising (+100 km to 30-40 km), followed by a second 
stage of rapid (tectonically-assisted advective) cooling of as much as 60-90℃/m.y. (from 
+600℃ down to 350-400℃ in ~ 5 m.y.)  Cooling rates this high cannot be achieved by purely 
conductive cooling, thus requiring activity on some combination of brittle and ductile structures. 
The timing of amphibolite facies shearing of the NSDZ fits with the thermochronologic 
constraints for this stage of cooling, so Johnston (2007a) concluded that this cooling was driven 
by simple shearing along the NSDZ, beginning in amphibolite facies conditions.  The 
amphibolite facies fabric of the NSDZ is overprinted by a greenschist facies shear fabric, thus 
recording exhumation of the WGR from mid-crustal depths of 30-40 km to an upper crustal 
depth of ~10 km. The third phase of the model involves brittle faulting to finally exhume the 
WGR to the surface. Initiation of the Devonian basins may have occurred as early as ca. 395 Ma, 
during the early phase-II amphibolite facies shearing; the basins would continue to open up at the 
surface, controlled by brittle faults, and then be cut by later detachment faulting that ultimately 
juxtaposes the sediments against NSDZ mylonites and the underlying WGR.  However, an 
abundance of thermochronologic data from the NSDZ has not resolved the timing of shearing 
more precisely than ~409-394 Ma, and the chronology of the basin stratigraphy, brittle faulting, 
and N-S folding are very poorly resolved as well; leaving the impression of a catalog of detailed 
observations that do not tell a clear story of how the NSDZ relates, in time, to the rise of the 
UHP rocks below and the deposition of the Devonian sediments above.
 The eventual exhumation of the UHP WGR to the surface is not well constrained, but is 
related to crustal-scale N-S folding that is observed in white mica isochrons, mylonite fabrics, 
the surface exposure of Devonian basin remnants, NSDZ mylonites, and high-grade (HP and 
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UHP) metamorphic domains.  This folding must post date the cooling of the WGR through mica 
closure T of 350-400 ℃ at 375-390 Ma.  N-S folding affect the  basin sediments as well, with 
open to overturned folds observed on the (eastern) northern and southern margins of the basin; 
fold axes are subparallel to multiple scales of folding in the basement (WGR and NSDZ) and to 
lineations in extensional mylonites.  Folding in Kvamshesten basin (south of Hornelen) is 
interpreted to be contemporaneous with basin filling based on sedimentologic evidence 
(Osmundsen et al., 1998); however, paleomagnetic data from Hornelen indicate a minimum age 
of Late Devonian/early Carboniferous for the folding of the basin, and magnetic fabrics within 
the basin are truncated by the marginal faults, providing evidence that these brittle structures 
(which juxtapose NSDZ mylonites and WGR eclogites against Devonian sediments) post-date 
the folding (Torsvik et al., 1988). Thus, while a series of tantalizing observations suggests a close 
genetic link between Devonian brittle faulting, basin opening, and mid-crust ductile deformation 
and exhumation of the UHP terrane, a conclusive interpretation of the relative timing of the late 
folding and post-Devonian brittle faulting remains elusive. 
  
An opportunity for a new approach?
Several attempts have been made to characterize the Hornelen basin’s provenance 
(Cuthbert, 1991; Fonneland, 2001; and) and determine if the UHP terrane was ever a source of 
sediments to the basin (thus potentially establishing a stronger link between brittle deformation 
at the surface and the ductile exhumation of the WGR). Overall, the authors of these provenance 
studies have disagreed on some of the central questions: 1) the absolute timing of the opening of 
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Hornelen, 2) whether the UHP WGR was exposed to erosion, and thus a source of sediment to 
the Hornelen in the Middle Devonian, 3) the relative contributions of the Lower/Middle 
Allochthons and the Upper Allocthon.  Only Cuthbert’s (1991) clast provenance study was 
designed to shed light on spatial variations in provenance; the results showed a distinct 
difference between north and south margins of the basin. Fonneland’s (2002) study furthered the 
development of isotopic techniques on detrital samples, using U/Pb zircon and whole rock Sm/
Nd and rare earth element analysis, and  attempted to test changing provenance through time.  
However, because the sample transect was restricted to roadside exposures, the observations 
could not be controlled for north/south variability.  Johnston (2006) and Pedersen (2012) took 
advantage of recent developments in LA-ICPMS analytical methods to obtain isolated samples 
of detrital zircons from Hornelen; these studies offer a starting point but the small sample set 
limits any ability to resolve provenance changes through space or time. 
 At this point, the large existing dataset (the relevant parts of which have been summarized 
above) provides an excellent framework for further detrital studies, since it contains several 
features that are potentially useful for interpreting the geochronology recorded in the detrital 
minerals in Hornelen basin.  First, the zircon age record in Norway is, by now, extensive.  U-Pb 
zircon dating has been used successfully for decades, and the timing and geographic extents of 
orogenic activity around Baltica is well known.  Since detrital zircon U-Pb dating via LA-
ICPMS is a cheap, efficient, and widely used tool for provenance studies, this is an obvious 
starting point.  The recent dating of metamorphic zircons from UHP eclogites (400-405 Ma, Root 
et al., 2005), as well as the recognition of depleted REE signatures from these grains (typical of 
zircons grown in the presence of garnet, Root et al., 2004) offers an obvious detrital indicator for 
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the presence of UHP terranes at the surface during basin filling, and thus an important potential 
constraint on the timing and relationship between UHP exhumation and Devonian  basin 
opening.  With current analytical techniques, it is possible to obtain both U-Pb age data as well 
as trace-element concentrations from the same detrital grains.
 Secondly, the E-W younging trend in the 40Ar/39Ar white mica data from the WGR 
(Walsh et al., 2007, 2013) provides a potential measuring stick for interpreting detrital mica ages 
in the basin.  Furthermore, the (notably fewer) existing mica ages from the allochthons above the 
NSDZ yield systematically older (405-450 Ma) ages than those observed in the WGR.  These 
differences, both between distinct tectonostratigraphic levels (above and below the NSDZ) as 
well as within the WGR itself, can be used to tie specific tectonostratigraphic source levels to 
detrital age populations.  
 A related set of issues that this thesis address regards the post-Devonian history in 
Norway.  Due to an almost complete absence of onshore sedimentary deposits since the 
Devonian, much of that 360 million year history of Norway remains unknown.  Several studies 
have used K/Ar and 40Ar/39Ar methods to elucidate the details of episodic uplift, mostly related 
to rifting activity in the North Sea and North Atlantic.  A combination of 40Ar/39Ar and 
paleomagnetic data from fault breccias and some late dolerite dikes along the coast (Eide et al., 
1997; Andersen et al., 1999; Torsvik et al., 1997; Fossen and Dunlap, 1999) found Late Permian 
and Late Jurassic ages, thus relating some brittle faulting and diking to tectonic activity 
associated with the opening of the North Sea.  Most recently, Ksienzyk et al. (2012) presented K/
Ar dating of illite from fault gouges around southern Norway, documenting episodic reactivation 
of brittle faults in the Carboniferous, Permian, Late Triassic-Early Jurassic, and Cretaceous-
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Paleogene.   Low-temperature thermochronological methods (fission-track and U-Th/He dating 
of apatite and zircon) have also been successfully applied to these problems, documenting fault 
offset on major structures, and recording cooling and uplift through the uppermost 2-4 km of the 
crust (e.g., Redfield et al., 2005; Ksienzyk et al., 2014; Johannessen et al., 2013).   Low-
temperature thermochron data, especially when using multiple chronometers, can be used as 
inputs into inverse thermal history models, which highlight episodes of rapid uplift/cooling of the 
basement rocks.  Central questions for all of these studies have been: how did the post-
Caledonian margin evolve?  Did faulting and block uplift affect the inboard margin, and when?  
As a corollary to these questions, the creation of the modern Norwegian landscape (high 
elevation interior plateaux incised by deep fjords) has been the subject of  much recent debate.  
Competing hypotheses for the source of the modern landscape are (a) the peneplanation-uplift 
model, in which the Caledonian orogenic belt was entirely eroded during the Mesozoic, creating 
a low-relief peneplain that was then rapidly uplifted in the Cenozoic and incised by glacial 
erosion (e.g. Lidmar-Bergstrom et al., 2000; Gabrielsen et al. 2010); and (b) the isostasy-climate-
erosion (ICE) model, in which persistent isostatically-driven uplift of the overthickened 
Caledonian crust has supported elevated topography since the Devonian, and a combination of 
climate and erosion has shaped the modern landscape (Nielsen et al., 2009).  Low-temperature 
thermochronological studies have also been used to evaluate these two hypotheses.
My approach  
 To take advantage of the published geochronology from western Norway, and contribute 
something new to the body of provenance work from the Hornelen, in this thesis I present a set 
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of samples that covers the entire stratigraphy of the basin, both in space (northern, southern and 
axial samples) and time (from the oldest, westernmost strata to the very youngest, easternmost).  
These samples comprise alluvial sandstones of varying grain size, which are expected to have a 
broader provenance than the marginal fanglomerates, and thus may yield information about distal 
sources that were not contributing clasts to the marginal fans.  As such, these samples yield a 
more representative picture of the regional surface geology in the Devonian, and spatial and 
temporal changes apparent within the dataset tell a story about the evolution of that ancient 
Caledonian surface during the orogenic collapse.  U/Pb dating and rare earth elemental analyses 
of detrital zircon, and 40Ar/39Ar detrital mica dating, yield information about the ancient 
Devonian landscape and tectonics; while zircon and apatite fission-track dating from the same 
detrital samples yields information about the post-Devonian history.  The combination of these 
analytical techniques provides an in-depth look at the tectonic and structural evolution of 
Hornelen basin, focused on the evaluation of the outstanding questions still relevant to the 
understanding of this basin and its role in the collapse of the Caledonian orogeny, and in the 




Testing structural models for the Hornelen basin 
using spatial and temporal variations 
in detrital zircon provenance 
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Introduction
 The Siluro-Devonian Caledonian orogeny in Norway is documented by a rock record 
consisting mainly of crystalline metamorphic and igneous rocks that are divided into a series of 
thrust nappes and the underlying Baltican basement; the structural and petrological relationships 
between these units, as well as kinematic and thermochronologic evidence, tell a story of 
protracted collision followed by rapid Devonian extensional collapse of this major orogen. 
A series of enigmatic terrestrial Devonian basins of SW Norway preserve some of the only post-
Caledonian sediments onshore Norway, and contain a stratigraphic record of the orogenic 
collapse; as such, they contain important information documenting the paleo-geology and late-
stage Caledonian structural and tectonostratigraphic evolution. This study uses detrital zircon U/
Pb data to better constrain the the source terranes for the largest of these basins, the Hornelen, 
and to test competing structural models for the formation of this basin.  
Although most workers agree that the basins are related to extensional tectonics and 
orogenic collapse, the tectonic setting of these basins has been debated since the earliest detailed 
mapping in the 1960’s (e.g. Bryhni et al., 1964), and a number of distinct tectonic models have 
been proposed.  Taking advantage of the well-organized stratigraphic system of the Hornelen 
basin, in combination with the existence of extensive U/Pb zircon data from potential source 
terranes in the Caledonian orogen, here we test the hypothesis that spatial and temporal changes 
in the sediment provenance within such a well organized, structurally-controlled stratigraphic 




 Hornelen basin is the largest of a set of late-orogenic terrestrial basin remnants in SW 
Norway that are part of the system of Devonian-aged Old Red Sandstone (ORS) deposits 
preserved around the Caledonian-Acadian orogenic belt (Friend et al., 2000).  Like other ORS 
deposits, Hornelen comprises coarse-to-fine-grained clastics and is interpreted as having been 
part of a system of linked, fault-controlled basins that formed in an extensional/transtensional 
tectonic regime in the latest phases of the orogenic cycle (see Hossack, 1984; McClay et al., 
1986; Norton et al., 1987; Krabbendam and Dewey 1998; Osmundsen and Andersen 2001, 
Fossen 2010).  In SW Norway, Devonian orogenic collapse of the Caledonian highlands is linked 
to the exhumation of one of the largest UHP terranes in the world: a metamorphic core of 
Baltican continental crust (known as the Western Gneiss Region or WGR) that had been 
subducted to mantle depths during the late-Silurian Scandian phase of the orogeny, ca. 430-390 
Ma (Brueckner and Griffin, 1980; Root et al., 2004; Kylander-Clark et al., 2008).  Immediately 
following peak-UHP metamorphism, the WGR was exhumed in a multi-stage process that is 
constrained by abundant geochronological and thermobarometric data (e.g., Wilks and Cuthbert, 
1994; Hacker, 2007; Kylander-Clark et al., 2007; Walsh et al., 2013).  From 400 Ma to 395 Ma, 
the WGR rose adiabatically to mid-crustal depths, at rates of 6-7 mm/yr (Wilks and Cuthbert, 
1994; Young et al., 2011), after which time it cooled quickly (~ 90 ℃/m.y.) but was exhumed 
more slowly (<1 mm/yr vertical exhumation) through muscovite closure temperature, ~400 ℃ 
by 385 Ma.  The Old Red basins which developed during this phase of crustal thinning are 
interpreted as having been controlled by brittle structures with genetic links to exhumation of the 
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UHP WGR along a major mid/lower-crustal amphibolite-facies shear zone, the Nordfjord-Sogn 
Detachment Zone or NSDZ (Norton, 1987; Johnston et al., 2007)
Structure of the Caledonian orogeny
 The Caledonian orogeny resulted from the protracted closure of the Iapetus Ocean (ca. 
505-430 Ma) and the sequential thrusting of far-traveled nappe units eastward onto the Baltican 
craton as far as 100’s of km’s (Roberts and Gee, 1985).  Despite the recent suggestion to abandon 
the Lower, Middle, and Upper Allochthon nomenclature because of the inherent complexities, 
ambiguities, and categorical overlap within and between units (Corfu et al., 2014), in this 
contribution we will adhere to these tectonostratigraphic labels for simplicity, as well as the 
practical value in drawing correlations between nappe units with different geographies but 
similar geologic histories as recorded in their zircon populations.  In southern Norway, the 
nappes are grouped into three distinct allochthons (Roberts and Gee, 1985)  (Figure 1.1).  The 
Lower Allochthon is interpreted as a basement/cover pair, and contains a basal phyllite unit (the 
décollement surface) derived from sedimentary cover of the Baltican craton as well as slices of 
crystalline basement rock from the Baltican craton.  The Middle Allochthon comprises slices of 
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Figure 1.1 Geologic map of southern Norway, with distribution of bedrock U/Pb zircon ages. Map and cross section 
from Fossen (2010).  Inset of Hornelen basin modified from Cuthbert (1991) and NGU Måloy 1:250,000 geologic 
map.  Zircon ages compiled by Bingen and Solli (2009), Hacker (2007), and Johnston (2006).
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crystalline Baltican basement and continental shelf and rise deposits from the Baltican margin.  
The Upper Allochthon is exotic to Baltica, representing Iapetan-derived ophiolitc terranes, 
oceanic basin sediments, island-arc granites and related rocks.  In northern Norway, an 
Uppermost Allochthon is also recognized, thought to represent Laurentian-derived nappes thrust 
onto Baltica in the latest phase of continent-continent collision (Scandian orogeny).  The 
Hornelen and related basins rest in unconformable contact with rocks of the Upper Allochthon, 
together preserved in the hanging wall of the Nordfjord-Sogn Detachment Zone.   
Hornelen Basin stratigraphy and structural models
Hornelen contains an unusually thick package of 25 km of east-dipping strata, organized 
into three main depositional systems: small, steep, debris-flow fans on the northern margin; 
larger, mainly stream-flow fans on the southern margin; and an axial braided river system with a 
paleoflow from east to west (Figure 1.2) (Steel et al., 1977).  Lacustrine facies are found along 
the northern margin of the basin in the upper stratigraphic levels; these deposits interfinger with 
debris flow fans to the north and axial braidplain facies to the south.  Based on the abundance of 
coarse, proximal alluvial deposits (including thick sequences of cobble- and boulder-bearing 
conglomerates), the basin is interpreted as tectonically-controlled.  Crucially, for structural 
models of the basin, the lack of any difference in the metamorphic grade across the basin strata 
requires a migrating-depocenter model that allows for the accumulation of 25 km of strata in a 
basin whose true vertical thickness remains less than approximately 10 km.  The maximum 
burial depth is loosely constrained by the lower greenschist facies mineral assemblage of the 
sediments, as well as vein mineral assemblages and fluid inclusion studies that provide an 
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independent Tmax estimate of ≈ 250 ± 20 ℃ (Svensen et al., 2001), and there is no evidence for 
significant variations in burial depth across the basin.
 A number of different models have been proposed for the structural setting of Hornelen 
basin.  While the tectonic genesis of the basin has been widely accepted for some time, the nature 
of the tectonic contacts has remained a subject of debate and speculation.  The basin has been 
interpreted as allochthonous, with a basal thrust fault emplacing the sediments above the 
underlying rocks of the Upper and Middle Allochthons (e.g., Torsvik et al., 1988), but 
subsequent work showed that the basal contact is actually an unconformity in the west, and an 
extensional fault in the east (Norton et al., 1990).  Early work on the geometry and facies 
relationships of the marginal fan deposits showed that the northern and southern margins were 
fault-controlled during basin deposition (Bryhni, 1964; Steel et al., 1977; Steel and Gloppen, 
1980), although these faults are not well exposed today and where they are exposed, they are 
interpreted to be younger structures that either reactivated the Devonian structures or closely 
follow their trend (Torsvik et al., 1988).  
Strike-slip model
 The strike-slip model was developed in Ridge Basin, CA (see review in Crowell, 2003) 
and favored by Steel and Gloppen (1980) in the Hornelen, as it explains a number of similar 
observations in both basins.  Ridge Basin consists of an unusually thick pile of tilted, shingled 
sediments (14 km), is located adjacent to major faults, and also contains both coarse-grained 
marginal and finer-grained axial facies.  In this model, the basin is created at a restraining-
releasing bend on a dextral strike-slip fault.  The restraining bend uplifts highlands adjacent to
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Figure 1.2  Top: Hornelen basin stratigraphy, paleocurrents, and sample locations. Bottom, sample locations shown 
on cross-sectional interpretation based on supradetachment model, showing schematic subsurface relationships 
between bedding, detachment fault surface, and basement rocks.
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the main depocenter for the northern marginal fanglomerates, thus providing a constantly 
rejuvenated, but geographically fixed, source area for these deposits.  The basin depocenter is 
moved along (westward) with the ‘footwall’ block of the oblique-slip fault; the basin floor 
movement with respect to the depocenter, which remains fixed at the fault bend, creates the 
tilted, shingled stratigraphy and the anomalously thick pile of sediments.  In this model, the bulk 
of the axial sediments and the southern margin stream flow fanglomerates are both sourced in the 
‘footwall’ fault block, and the basin subsidence is driven by a normal component on the oblique, 
dextral fault, possibly in combination with down-flexing of the southern ‘footwall block’ and 
sediment loading along the fault scarp.
 The strike-slip model is satisfying in that it explains a number of the enigmatic 
observations: 25 km stratal thickness; tilted, shingled deposits; basinal asymmetry with steeper 
northern margin; and mis-match of clasts and basement across the northern margin.  However, a 
main objection to this model has always been that no major strike-slip fault has been mapped 
into the basement to the east; on the contrary, both northern and southern marginal faults appear 
to die out in short order when traced eastwards beyond the Hornelen.  Steel et al. (1985) 
suggested that this model does not require a major strike-slip fault, only subsidiary dextral faults 
that may have existed in an overall sinistral megashear tectonic regime (the large-scale context 
favored for Devonian plate motions by paleomagnetics, see Torsvik, 2004). The late folding of 
the basin is unaccounted for in this model as is the apparent relationship between the basin and 
the underlying Nordfjord-Sogn Detachment Zone or the low-angle brittle fault which now 
bounds the basin along its eastern margin.   These problems are variously addressed by models 
that invoke regional transtensional deformation as the context for basin formation and regional 
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N-S folding (e.g., Steel, 1988; Krabbendam and Dewey, 1998; Osmundsen and Andersen, 2001; 
Fossen et al., 2013).  Although almost certainly oversimplistic from a tectonic view, the strike-
slip model of Steel and Gloppen (1980) provides a distinct set of test-able provenance 
predictions, and is therefore used as an end-member model in this study.
 In regards to sediment provenance within the basin, the strike-slip model makes three 
important predictions (Figure 1.3). First, the asymmetry of the marginal facies will likely be 
mirrored in the provenance.  The smaller-radius, debris flow-dominated alluvial fans of the 
northern margin are sourced in the ‘footwall’ block of the main, dextral strike-slip fault, while 
the larger-radius, stream-flow fans are sourced in the opposing fault block, along with the bulk of 
the axial alluvial sediments.  Based on minimum estimates of 25-40 km of strike-slip motion on 
the northern fault (Steel et al., 1985), juxtaposition of different tectonostratigraphic units across 
the fault is likely, if not required.  Second, while the source of the northern fans remains fixed to 
the restraining bend in the fault, the source of the southern fans is expected to evolve through 
time as the southern (‘hanging wall’) fault block slides to the west, carrying the basin along with 
it.  And third, because the strike-slip fault model is not genetically related to extensional 
unroofing of high grade metamorphic rocks in the WGR, so this model does not predict temporal 
changes in provenance that would reflect progressive exhumation of deeper tectonostratigraphic 
levels.  
Supradetachment model
 Upon the recognition of the NSDZ as a major extensional fault that formed the eastern 
tectonic boundary to the Hornelen, Hossack (1984) proposed that the Devonian basins of western 
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Norway all formed in the hanging wall of a listric normal fault. Variations on this model have 
followed in the intervening years (e.g. Norton, 1987; Séranne and Seguret, 1987; Wilks and 
Cuthbert, 1994; Vetti and Fossen, 2012), with many attempts to better explain the stratigraphic 
observations and the observed folding of the basins.  Friedmann and Burbank (1995) 
summarized the stratigraphic architecture expected with such basins and termed them 
supradetachment basins.  The common elements of these models, as applied in SW Norway, 
include:  (1) a scoop-shaped, listric normal fault that soles into a low-angle detachment fault at 
shallow depth, and curves around (in map view) to form opposing strike-slip faults on the 
northern and southern basin margins; (2) the source of the sediments in the rising footwall, with 
the depocenter located initially on the hanging wall adjacent to the fault, after which point the 
sediments are progressively deposited on the fault surface of the footwall while older sediments 
are carried away from the depocenter, riding on the hanging wall (Figure 1.3).  Most variants of 
the supradetachment model envision the brittle Hornelen detachment as an upward splay of the 
NSDZ, such that the opening of the basin is the surface expression of large scale ductile simple 
shear of the mid-crust.
 The supradetachment model succeeds in explaining many of the enigmatic observations 
of the Hornelen basin and the surrounding geology, including: the stratigraphic thickness and 
shingled architecture; the observed tectonic contacts on the north, south and east sides and 
unconformable basal contact in the west; and perhaps most compellingly, the close structural 
relationships to the underlying extensional structures associated with the NSDZ. In particular, the 
folding of the basin sediments (km-scale wavelength) along E-W axes that are parallel to both 
the extensional lineations in the NSDZ mylonites and the fold axes of: (a) gentle, open folding 
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that affect the brittle Hornelen detachment surface along the eastern margin of the basin (tens of 
km’s scale wavelength); (b) slightly tighter folding (also 10’s of km’s in scale) of the underlying, 
mylonitized allochthonous units comprising the NSDZ; and (c) parasitic folds on multiple scales 
within the mylonites of the NSDZ (Young et al., 2011).  These relationships suggest a cogenetic
Figure 1.3  Contrasting (schematic) structural models with accompanying provenance predictions. Both models 
shown imposed upon a simplified tectonostratigraphy of thrust nappes. (a) In the strike-slip model, the basin is 
formed behind a constrictive bend in a dextral (wrench?) fault system.  Highlands are  continually uplifted at the 
bend as long as the fault remains active and a source of transpression, and these highlands (located within the 
northern fault block) provided a constantly rejuvenated source of coarse detritus to the steeper, smaller-diameter 
debris-flow fans of the northern marginal system.  The basin floor is attached to the southern crustal block and is 
carried westward as the fault slips, thus producing the characteristic tilted, shingled deposits and apparently 
migrating depocenter effect. The source of the bulk of the basin sediments, as well as the larger diameter, lower-
energy stream flow fanglomerates of the southern marginal system, comes from the southern fault block.  As the 
fault slips, it is expected to gradually juxtapose tectonostratigraphic units across the main fault, thus providing 
differing provenance for the northerly- and southerly-sourced depositional systems. (b) In the supradetachment 
model, both northern and southern fans are sourced along the scoop-shaped breakaway for the detachment fault, and 
are expected to have similar provenance at all stratigraphic levels.  As the fault moves, progressively deeper 
tectonostratigraphic levels of the footwall are exposed to erosion, and this exhumation is expected to be recorded in 
up-section changes in provenance across the basin that would be symmetrically recorded on both northern and 
southern margins and all along the scoop-shaped breakaway.  
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interpretation that explains synchronous folding of basin, detachment fault, and underlying crust 
at multiple scales.  Furthermore, the increase in intensity of mylonitization upwards within the 
NSDZ, toward the contact with the Hornelen sediments (described in Norton et al., 1990), also 
suggests a cogenetic relationship between brittle detachment faulting and mid-crustal ductile 
shearing.  While the exact timing and mechanisms for the late, N-S constrictional folding as well 
as juxtaposition of brittle and ductile fault rocks continues to elude a conclusive interpretation, 
the supradetachment model is compelling because of the potential to provide a satisfying 
kinematic link between the tectonic processes that opened the basin and the process that later 
folded the entire crustal section, including the basins.  Krabbendam and Dewey (1998) presented 
a version of the supradetachment model in which oblique plate divergence and  transtensional 
deformation are the driving tectonic forces resulting in vertical thinning of the crust, exhumation 
of the UHP terrane, opening of the basins, and N-S folding of the entire crustal section, including 
the Devonian basins.  
 Compelling though it may be for the reasons listed above, several problems were 
identified early on with this model and have yet to be adequately resolved.  First, versions of the 
model that invoke a subhorizontal detachment fault shallowly underlying the basin (e.g. Vetti and 
Fossen, 2012) have problems with both sediment-supply and fault mechanics.  Evidence points 
to an unusually high, and continuous, source of sediment to the basin (Anderson, 2002), but 
maintaining high topography in the footwall is difficult for an extremely low-angle fault  (Steel 
et al., 1985). This problem is possibly solved by invoking geodynamic explanations for 
buoyancy-driven, prolonged footwall uplift.  But practical and mechanical difficulties remain for 
the low-angle fault model: proponents of the model must assume non-Andersonian fault 
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mechanics to explain how movement on such a fault is possible (Wernicke, 2009; Axen, 2007). 
Further, even if one accepts the mechanical paradox of slip on such a fault, the model calls for 
the entire 25 km of stratigraphy to slip along a low-angle fault surface without internal 
deformation, which would seem to defy Coulomb failure criteria for rocks in tension.  Finally, 
multiple authors have noted the asymmetry of the internal facies architecture of Hornelen and the 
overall, southward-increasing asymmetry apparent in the entire set of Devonian basins in 
Norway (Steel and Gloppen, 1980; Osmundsen et al., 1998), and recognized the problem this 
asymmetry poses for the supradetachment model, which depends on a certain degree of 
geometric symmetry to be mechanically possible.
 The supradetachment model also makes testable predictions with respect to sediment 
provenance within the basin (Figure 1.3).  In this model, the marginal fans are part of a 
continuous, N-S belt of fan deposits that are expected to continue along the basal contact in cross 
section, and are all sourced along the scarp of the scoop-shaped breakaway of the main 
detachment.  Thus, both northern and southern fans, as well as all of the axial alluvial sediments, 
are predicted to have their provenance in the same footwall fault block. The alluvial sediments 
are sourced from a larger drainage basin, though, so the provenance may include sources not 
represented in the fanglomerates.  In essence, the supradetachment model predicts a basin-wide 
symmetry in provenance within any chronostratigraphic unit. Secondly, variants of the 
supradetachment model envisage different mechanisms by which the detachment fault interacts 
at mid-crustal depths with the NSDZ, but in any case, movement on the detachment fault is 
directly tied to progressive exhumation of tectonostratigraphy.  Whether or not the high-grade 
metamorphic terrane of the WGR was ever a source for the sediments of the Hornelen, the model 
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predicts changes through time (upward/eastward in the stratigraphy) as the detachment fault cuts 
tectonically dissects the orogenic wedge.
Zircon geochronology of southern Norway
 Characteristic U/Pb age populations for zircons from the different tectonostratigraphic 
levels of the Caledonian orogen in SW Norway (Figure 1.4) are well constrained by extensive 
dating of igneous zircons (Bingen and Solli, 2009), metasedimentary detrital zircons (Gee et al., 
2014; Sláma and Pedersen, 2015), and detrital zircon data from modern rivers (Beyer et al., 
2012; Morton et al., 2008).  Bedrock data yield precise and detailed information about individual 
geologic units, including elucidation of multiple episodes of orogenesis through careful 
interpretation of concordia plots and multiple age domains within a single grain, where available. 
However, a strong sampling bias exists in these data, as samples are hand-picked to provide the 
most geologically interesting U/Pb ages, not necessarily the most volumetrically representative.  
Detrital zircon data from metasediments and modern rivers, on the other hand,  are naturally 
biased by the same processes of weathering, erosion and sediment transport that sorted and 
selected Devonian river sands; as such, they offer a more comparable data set when evaluating 
detrital samples from the Hornelen.   A significant assumption is that the rocks now at the surface 
in SW Norway provide a reasonable representation of tectonostratigraphic units that were at the 
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Figure 1.4  Simplified tectonostratigraphy of SW Norway and characteristic U/Pb zircon age populations, based on 
published data from Gee et al. (2014), Beyer et al. (2012), Bingen and Solli (2009), Morton et al. (2008).  Zircon age 
spectra shown with KDE plots (Vermeesch, 2012) using adaptive bandwidth filtering unless otherwise stated.  
Sveconorwegian (0.9-1.2 Ga) and Gothian (1.45-1.7 Ga) ages dominate the Baltican basement and related 
allochthons (Lower and Middle), and these terranes also yield a small population of Scandian (0.39-0.43 Ga) ages 
from volumetrically minor pegmatites which are probably over-represented in these data.  Upper Allochthon age 
spectra contain a diagnostic population of Caledonian-aged zircons (0.43-0.49 Ga) derived mainly from Iapetan 
island arc volcanics.
 Main populations of zircon ages in southern Norway: Precise timing of magmatic 
episodes varies somewhat regionally, but three main populations are generally recognized in SW 
Norway, corresponding to orogenic pulses accompanied by crust-forming magmatism.  These 
are: the Gothian orogeny, ca. 1.45-1.68 Ga; the Sveconorwegian orogeny, ca. 0.9-1.2 Ga; and the 
Caledonian orogeny, ca. 0.4-0.5 Ga (Figure 1.4).  Minor populations of zircons representing the 
Timanian orogen (0.47-0.8 Ga) and the Fennoscandian shield (1.85-3.0 Ga) have been 
documented recently from fine grained phyllites of the Lower Allochthon (Sláma and Pedersen, 
2015) but these ages are virtually absent from any other formations in western Norway, 
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interpreted to be far-travelled detritus shed from the NE margin of Baltica and deposited only in 
fine-grained distal shales, and as such, expected not to be important sources for Hornelen 
zircons.  However their unique age signature, if present in the Devonian alluvium, would point 
toward a Lower Allochthon source and indicate erosional exposure of the décollement level of 
the tectonostratigraphy.  Because of the widespread, voluminous nature of Gothian- and 
Sveconorwegian-related magmatism, zircons from both orogenic episodes are expected to be 
almost ubiquitous in sediments derived from the Baltican autochthon and its sedimentary cover, 
or from allochthonous rocks with Baltican affinity (i.e., the Lower and Middle Allochthons).  
Modern river sediments and metasedimentary detrital zircons (Morton et al., 2008; Beyer et al., 
2012; Gee et al., 2014) confirm this expectation: although regional (mainly N-S) variations in the 
timing and intensity of magmatic episodes results in subtle shifts of the main age peaks of 
samples from different latitudes, the detrital zircon record for the WGR and Lower/Middle 
Allochthons should be largely indistinguishable, comprising characteristic U/Pb zircon age 
populations of ~1.6 and ~1.0 Ga (Figure 1.4). Unpublished data of metasedimentary zircons from 
the nappe units in faulted contact with the Hornelen basin to the south (the Svartekari, Lykkjebø, 
Eikefjord Groups) documented zircon age distributions that support previous tectonostratigraphic 
correlations of these units with the Lower and Middle Allochthons (i.e., unimodal or bimodal 
populations of Gothian and/or Sveconorwegian zircons; Johnston, 2006).
 The Upper Allochthon, which is derived from exotic island-arc and ophiolitic terranes 
with Iapetan affinities, contains a diagnostic Caldeonian zircon population in addition to the 
Gothian and Sveconorwegian populations.  Because the depositional basement to all of the 
Devonian basins of western Norway, including Hornelen, comprises units of the Upper 
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Allochthon, this group of island-arc and ophiolite-assemblages with Iapetan-affinity deserves 
special consideration here.  The unconformity is exposed on the island of Bremangerlandet, 
where Devonian conglomerates were deposited onto an Upper Allochthon assemblage, including 
intrusive rocks (quartz diorite and gabbro), greenschist, chert, and a hornfelsed obduction 
mélange (the Kalvåg mélange, Figure 1.1a).  The plutons have been dated (440±5 Ma gabbro, 
and 443±4 Ma granodiorite, Hansen et al., 2002) and are closely related in time to other Upper 
Allochthon units further south, including the Sogneskollen granite (434 Ma, Hacker et al., 2003), 
rhyolite deposits within Solund basin (439 Ma, Hartz et al., 2002) the Solund-Stavfjord Ophiolite 
Complex (443 Ma, Dunning and Pedersen, 1988), and granitic intrusions of the Austevoll 
intrusive complex (434-439 Ma, Templeton unpublished data).   A compilation of magmatic 
zircons in the Upper Allochthon nappes (Figure 1.4) from all around Norway broadens this 
spread of Caledonian ages to 431-495 Ma (Bingen and Solli, 2009).  Metasedimentary zircons 
and modern river sediments draining Upper Allochthon source regions provide a more balanced 
sampling: Paleozoic (Caledonian) ages are consistently present, though found alongside larger 
populations of Gothian and Sveconorwegian zircons (Morton et al. 2008; Gee et al. 2014).  The 
Köli and Seve nappes, source of the metasedimentary zircons, are here grouped with Upper 
Allochthon nappes following Roberts and Gee (1985), although the exact nature of the Seve 
nappe remains debated (see Gee et al., 2014).  Caledonian zircon ages from the Seve nappe are 
related to both HP metamorphism and some Scandian magmatism, and voluminous calc-alkaline 
plutonism that is the characteristic source of most Upper Allochthon Caledonian zircons is 
unknown in the Seve nappe.  
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 In contrast to the Upper Allochthon, Paleozoic zircons are largely absent in the lower 
tectonostratigraphic units, although a compilation of magmatic zircons includes a handful of 
Scandian pegmatite ages reported in the WGR and Middle Allochthon (390-431 Ma, Bingen and 
Solli, 2009; Figures 1.1 and 1.4).  Here, it is important to distinguish between the existing dataset 
of magmatic zircons (which are biased in favor of volumetrically minor, but geologically 
interesting, intrusive pegmatite bodies in the WGR and Middle Allochthon) and the modern river 
and metasedimentary detrital zircon data, which are expected to provide a more representative 
sampling of the terranes.  Caledonian-aged zircons (430-500 Ma) are, in fact, almost entirely 
absent from the detrital and metasedimentary samples of the WGR, Lower, and Middle 
Allochthons (Beyer et al., 2012; Gee et al., 2014; Morton et al.; 2008).
 Minor age populations: The Scandian orogeny (430-390 Ma) in Norway is considered a 
‘cool’ orogenic collision, as evidenced by the lack of significant magmatism of this age.    
Interestingly, in Beyer et al.’s study (2012) of modern river sediments draining the WGR, ~1% of 
the zircons analyzed yielded Paleozoic ages.  All of these grains came from drainages adjacent to 
Nordfjord and the northern margin of Hornelen, and yielded 206Pb/238U ages from 396 - 415 Ma 
-- the same as ages reported from late Scandian pegmatites in the WGR.  This suggests that such 
volumetrically minor pegmatites might in fact be expected to contribute a small fraction of the 
overall detrital zircon budget yielded by the WGR, and further, that it may be possible to 
distinguish these young ages from the main population of Caledonian-aged igneous zircons of 
Upper Allochthon provenance (431-495 Ma).
 Archean and Paleoproterozoic zircons are known from Norway; the Baltican craton is 
built around an Archean core that is exposed in the autochthon and basement windows in the far 
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north, but these ages are rare in southern Norway.  The discovery of Archean ages of peridotites 
in the Western Gneiss Region has been suggested as evidence that such bodies are in fact exotic 
to the Baltican craton and were emplaced (downward, sinking-style emplacement) from 
Laurentian subcontinental mantle during Scandian subduction of the WGR (Beyer et al., 2012).  
Regardless of the true origin of these peridotites, they comprise volumetrically minor parts of the 
WGR but could be considered a potentially diagnostic source of Archean detrital zircons.  
Zircons older than ~1.85 Ga were unknown from the Lower and Middle Allochthons until recent 
reporting by Sláma and Pedersen (2015) of zircons 1.85 - 3.0 Ga in the basal phyllite units of the 
Lower Allochthon.  A small population of Archean metasedimentary zircons are found in rocks 
of the Upper Allochthon of central Norway (Figure 1.4); these zircons may also be indicative of 
Laurentian/Iapetan provenance.
 The lack of Ediacaran-Cryogenian zircons is a defining characteristic of Baltica (Bingen 
and Solli, 2009); however minor populations of zircons of this age have been identified from 
several units that are here grouped with the Upper Allochthon. These are the Seve and Kalak 
nappes in central/northern Norway (e.g., the Seiland Igneous Province, 571-561 Ma, Bingen and 
Solli, 2009) and Sunnarvik Group just south of Hornelen basin (intruded by a keratophryic dike 
dated at 556 Ma, Johnston 2006).   Sláma and Pedersen (2015) found that zircons with ages 
500-800 Ma are actually a dominant population within the fine-grained, zircon-poor phyllites of 
the Lower Allochthon in SW Norway, and interpreted these rocks to have a provenance 2000+ 
km to the NE in the Timanian orogeny.  Based on these few examples, Ediacaran and Cryogenian 
zircons may be present as a minor population in Hornelen alluvial detritus.
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Previous provenance work
Previous provenance studies of the Hornelen are limited to a clast petrology study 
(Cuthbert, 1991) and several unpublished theses (Fonneland, 2002; Johnston, 2006; Pedersen,
2011).  The marginal conglomerates contain distinct clast assemblages along the northern and 
southern margins, with a dominance of igneous clasts (quartz diorite and gabbro), greenschist, 
and gneisses in the northern fans, contrasting with a dominance of quartzite, mica schist and 
gneiss in the southern fans.  Following the argument presented above that a strike-slip basin is 
expected to juxtapose different source terranes across the fault, the distinct clast assemblages on 
opposing sides of the basin, as well as the observed mismatch across the basin margins into the 
underlying fault blocks, favor a strike-slip interpretation at least for the northern and southern 
margins. Cuthbert (1991)concluded that similarities between southern fan clasts and adjacent 
basement were in fact superficial and misleading, based on the intense mylonitic character of 
quartzites and gneisses in the basement as well as the presence of mylontised anorthosite, and the 
absence of any such clasts in the fans. Due to the absence of any high-grade metamorphic rocks 
in any of the fans, Cuthbert (1991) concluded that the marginal fans were sourced in the Middle 
and Upper Allochthons and found no evidence for the Western Gneiss Region as a source.  
Based on limited detrital zircon data from two samples, Johnston (2006) also concluded a 
local Upper Allochthon source in the Bremangerlandet plutons (440-445 Ma, Hansen et al. 2002) 
for igneous clasts and a Caledonian zircon population from one sample.  Fonneland (2002), on 
the other hand, concluded that the WGR was progressively exposed to erosion and an became an 
increasingly important source of sediment to the Hornelen in the middle  and upper levels of the 
basin, based on detrital zircon data in combination with Sm/Nd isotopic analyses, major and 
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trace elemental abundances from a series of axial sandstone samples.  Although conceding that 
Fonneland’s data could also be interpreted to support Upper Allochthon plutonic sources, 
Pedersen (2011) pointed toward an enigmatic sub-population of Caledonian zircons (ca. 410-415 
Ma) that fall outside of the known ages of any Upper Allochthon intrusive rocks (ca. 490-430 
Ma), and suggested that Scandian pegmatites in the WGR (dated 390-409 Ma) were a likely 
source for the youngest zircons in the Hornelen, thus favoring the conclusion that the WGR was 
in fact already exhumed to the surface by Middle Devonian times.  
Methods
 Detrital zircon U/Pb dating has become a widely used provenance tool, and analyses for 
this study were carried out at two separate, well-established laboratories using standard LA-
ICPMS techniques described in Gehrels et al. (2006, 2008) and Košler et al. (2002) and Košler 
and Sylvester (2003).  For a more detailed description of methods, see Appendix I.  
Samples were collected from across the basin, representing multiple stratigraphic levels and 
depositional systems (Figure 1.2).  Samples range from coarse to very-fine grained sandstone 
(see Table 1.1).  Approximately 2 kg of sandstone was collected, then crushed and separated 
using common mineral separation techniques; high-purity zircon separates were mounted in 
epoxy and sectioned to expose grain cores.  CL images were obtained to show internal character 
of individual grains; laser spot analyses (15-30 µm) focused on grain cores wherever possible.  
For each sample, ~120 grains were analyzed with the goal of obtaining ~100  ‘good’ analyses, a 
generally accepted standard for achieving statistically robust results (Andersen, 2005; Gehrels, 
2012).
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 For zircon population analysis, ages were selected to obtain the most precise and accurate 
ages with a wide discordance filter (>80% and <105% concordance) to include some grains with 
systematic Pb-loss (expected in populations of zircon that have experienced multiple high-T 
thermal pulses from several orogenic cycles).  For a discussion of the systematics of zircon U/Pb 
precision and age selection see Gehrels (2012).  In detail, these age selection criteria are: 1. For 
206Pb/238U ages younger than 900 Ma, the 206Pb/238U age is used.  If older than 900 Ma, the 206Pb/
207Pb age is used.  2. For 206Pb/238U ages <500 Ma, no discordance filter is applied (due to the 
imprecision of the 206Pb/207Pb age for very young ages).  3. For all ages, a 10% uncertainty filter 
is applied, excluding any age with >10% relative uncertainty at the 1-sigma level.  These same 
filtering criteria have also been applied to any previously published or unpublished data that are 
included in this study for comparative purposes or to supplement our new dataset, wherever 
possible.  Age filtering does not significantly affect the overall distribution of ages; see Figure 5.  
Age probability plots were created using a kernel density estimate (KDE) with DensityPlotter 
software by Vermeesch (2012).  The KDE allows for an adaptive bandwidth filter to be applied 
to the dataset, resulting in a probability curve which is neither over- nor under-smoothed, relative 
to the local data density.  All plots use the adaptive bandwidth filter, unless otherwise specified. 
Results
 A total of twenty new samples are presented here, and 1547 new single-grain zircon ages 
(Appendix II).  These data are presented in all figures in combination with unpublished data from 
Johnston (2006) and Pedersen (2011) comprising 4 additional samples (354 additional ages). 
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Ages in this study range from 366 Ma to 2882 Ma, similar to the range of values reported by 
Johnston (2006) and Pedersen (2011).  As expected the spectrum falls into three main 
populations comprising ~94% of the total (Figure 1.5).   The main age populations are: Paleozoic 
(Caledonian) ages, 366-500 Ma (8.5%); late Mesoproterozoic (Sveconorwegian) ages, 880-1200 
Ma (21%); and early Mesoproterozoic ages (Gothian), 1200-1900 Ma (64%).  The remaining 
ages (6%) comprise a spread of Ediacaran/Cryogenian ages, 500-880 Ma, and a scatter of 
Paleoproterozoic and Archean ages, with individual sub-populations at 2.0 and 2.7 Ga.   
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 Taken individually, the 24 total samples from around Hornelen basin fall into two general 
groups: 1) samples with only Gothian (age peak ~1.65 Ga) and Sveconorwegian (subordinate age 
peak, or peaks, between 1.0 and 1.2 Ga) populations; and 2) samples with a dominant population 
of Caledonian ages (390-500 Ma) and subordinate Proterozoic populations.  Because the 
hypothesis of this paper is based on discernable changes in provenance in either space (i.e., 
strike-slip model and asymmetry of N vs. S provenance) or time (i.e., supradetachment model 
and changing provenance through time), the samples are grouped for further analysis according 
to first, chronostratigraphy (approximately time-equivalent), and second, spatial distribution  
(marginal and axial depositional systems).  
Figure 1.5  KDE plot of all zircon age data from Hornelen basin presented in this study (including data from 
Johnston, 2006, and Pedersen, 2011); red curve (shaded) representing inclusive ‘best age’ data, and black line 
representing the effects of discordance and uncertainty filtering. 
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 Dividing the samples into three broadly equivalent chronostratigraphic groups, with the 
oldest sediments in the western third of the basin, and the youngest in the eastern third, the 
resulting age probability plots show no apparent difference in the provenance through time 
(Figure 1.6), with all three age populations making equivalent contributions to the overall 
provenance during the recorded lifetime of Hornelen basin.  
Figure 1.6  KDE plots of zircon ages, grouped chronostratigraphically, show no change through time.  All three 
major populations of zircon ages are present in each group of samples from the oldest (western) to youngest 
(eastern) strata.
 Dividing the samples geographically, on the other hand, reveals a clear distinction 
between the provenance of the northern margin and the rest of the basin (Figure 1.7).  Nine 
samples from near the northern margin of the basin, representing all stratigraphic levels, show a 
dominant influence of the Caledonian population, while this population is nearly absent from 
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axial and southern-marginal samples.  Further dividing the southern/axial samples into four 
chronstratigraphic groupings shows that Caledonian ages are present, but not dominant, in the 
older (western) samples, and all but disappear in the upper (eastern) axial/southern samples.
Figure 1.7  KDE plots of samples grouped geographically.  Northern margin samples, at all stratigraphic levels, are 
dominated by a Paleozoic (Caledonian) age population.  In southern/axial samples, this population is present as a 
minor component of the oldest (western) samples, but disappears completely in the middle and upper stratigraphic 
levels.
Discussion
 As a whole, the data reflect a provenance in Baltica-derived terranes (Gothian and 
Sveconorwegian ages from the autochthon/WGR and Lower-Middle Allochthons) as well as a 
significant influence of Caledonian-aged zircons, the bulk of which are taken to represent Upper 
Allochthon igneous sources (known ages 431-495 Ma).   However, the overall age peak for this 
Caledonian population occurs at 425 Ma, and 25% (37 grains) of these Caledonian ages ages are 
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younger than the youngest known Upper Allochthon plutonic sources (431 Ma), outside of 1-
sigma uncertainty. 
 In the context of our hypothesis that spatial and/or temporal changes in sediment 
provenance within Hornelen basin could be used to evaluate competing structural models, the 
detrital zircon data present clear evidence in favor of the strike-slip model.  Although Proterozoic 
gneisses of the WGR are found along the northern basin margin today, the depositional basement 
(exposed on Bremangerlandet) consists of Upper Allochthon rocks including Caledonian granitic 
intrusives, and the zircon data from the northern margin support the idea that similar rocks 
provided the main source of sediment to the northern margin of Hornelen through the lifetime of 
the basin.  This result is in agreement with data from clast assemblages from northern margin 
fans (Cuthbert, 1991), as well as trace-element analyses by Fonneland (2002) which suggested 
an increasing influence of upper-crustal rocks (crustal-derived granitic intrusives) toward the 
northern margin of the basin.  
 The strike-slip model predicts an asymmetrical pattern of uplift (and related drainage 
networks) on opposing sides of the fault, and thus that the bulk of sediments in the basin should 
be sourced in the opposing (southern) crustal block.  Overall, the dominance of Gothian and 
Sveconorwegian (1.6 and 1.0 Ga) ages, and the scarcity of Caledonian ages, in the axial and 
southern samples indicate a source in the Middle and/or Lower Allochthons.  The model predicts 
that at the initial stages of basin opening, both northern and southern sources would be found in 
adjacent terranes within the orogenic wedge, but as the basin opens and fault movement 
progressively juxtaposes different tectonostratigraphic units, that the source of the main axial and 
southern stream-flow fans would change (Figure 1.8).  At lowest stratigraphic levels, a minor 
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population Caledonian (Upper Allochthon) ages are present in the southern and and axial 
samples, but younger strata lack this population altogether, supporting a gradual up-section shift 
in provenance for the southern and axial sediments.  This result also compares well with 
Cuthbert (1991), who showed that clasts from one far western fan consists mainly of greenschist 
and chert, but these lithologies give way to gneiss, quartzite and mica schist along the southern 
margin, which are uncommon lithologies in the Upper Allochthon.  
 In contrast to the distinct, basin-wide N-S asymmetry in provenance documented by data 
from both Cuthbert’s clast petrology study (1991) and detrital zircons from this study, the 
supradetachment model predicts geographic symmetry in provenance, as well as temporal 
changes related to progressive exhumation of the detachment footwall.  Figure 6 shows that no 
basin-wide temporal changes are discernable in these data.  Although the simple tests proposedin 
this study are strongly supportive of the strike-slip model, assumptions inherent in the hypothesis 
limit our ability to conclusively rule in or out either model.  For instance, the asymmetry in 
provenance could simply be a result of a non-uniform distribution of outcropping Upper 
Allochthon intrusive rocks during the Devonian.  Furthermore, based on the detrital zircon age 
populations alone, it is impossible to distinguish between Lower/Middle Allochthonous sources 
and the autochthonous WGR.   Based on the absence of any Scandian aged zircons (390-430 Ma 
eclogite or pegmatite sources in the WGR) in the axial and southern sample groups, we correlate 
these zircons to Lower/Middle Allochthonous sources, but they could be interpreted to reflect the 
exposure of the WGR to erosion in the upper levels of the basin (thus supporting the 
supradetachment model prediction progressive exhumation of deeper crustal levels).  The detrital 
zircon data, however, are not sufficient to resolve this distinction.
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Figure 1.8  The strike-slip model: a dextral, oblique slip fault initiates basin opening in a depression behind a 
restraining bend.  Colors correspond to tectonostratigraphic units from Figure 1.1.  Initial provenance of both 
northern and southern margins includes Upper Allochthon rocks; progressive slip on the fault gives rise to a 
dominantly Middle Allochthon source on the southern margin, while the northern margin continues to have its 
source in the Upper Allochthon.  Subsidence of the basin is driven by the normal component of slip on the fault, 
which at depth is rooted in the ductile Nordfjord-Sogn Detachment Zone.    
 A central question in the evolution of Hornelen basin is how the timing of the basin 
opening is related to the exhumation of the UHP Western Gneiss Region terrane, which is well 
constrained by radiometric dating (see Hacker, 2007).  The general consensus has been that the 
WGR rose adiabatically, and quickly, from UHP to mid-crustal depths (~30 km) between 395 
and 390 Ma, where it slowed its vertical ascent and began to cool rapidly (tectonically-driven 
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cooling, see Kylander-Clark, 2008).  The dating of basin opening is loosely constrained by 
fossils to mid-Devonian (ca. 385 Ma) but could easily coincide with the earliest rapid ascent of 
the WGR or the later tectonically-assisted rapid cooling and movement on the NSDZ.  Was the 
WGR ever a source of sediment to the Hornelen?  Based on the extant geochronology, and the 
lack of any mylonitic or high-grade (eclogite) metamorphic clasts in the fans, most workers have 
concluded not: the WGR was most likely still buried at 10-15 km depth in the mid-Devonian 
(Cuthbert, 1991; Andersen, 1998; Johnston et al., 2007).  
 Several pieces of evidence from this study can be considered in the light of this question.  
One, is the presence of Scandian aged zircons (~390-430 Ma), which are younger than any 
known Upper Allochthon plutonism.  Outliers <<390 Ma are found in this study (and Johnston, 
2006, and Pedersen, 2011), but considering only the statistically relevant data, Scandian ages do 
make a discernable contribution (mainly to the northern margin).  These zircons may represent 
Upper Allochthon sources that are now completely eroded and erased from the geologic record, 
but alternatively (as suggested by Pedersen, 2011) the Scandian ages match known ages of late 
pegmatites intruded into the WGR and Middle Allochthon.  Beyer et al. (2012) found a similar 
population of Scandian zircons in modern river sediment from the WGR.  Thus, it seems likely 
that these young zircons represent a contribution from volumetrically minor Scandian intrusives 
in the WGR.  However, the Scandian ages are found in samples from all along the northern 
margin, mirroring the overall distribution of the Caledonian population as a whole.  If this 
Scandian sub-population was actually reflecting a distinct source terrane (the WGR) as opposed 
to the Caledonian intrusives of the Upper Allochthon, it would be expected that the two sub-
populations (390-430 Ma vs. 430-500 Ma) would show a different distribution within the basin, 
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especially since they represent the bottom and top of the tectonostratigraphic stack, rather than 
adjacent, closely-related units.  In order to best resolve this question, the LA-ICPMS method is 
poorly suited, as the precision of any single analysis (~2-5%) does not allow for enough 
confidence to distinguish closely-related age populations like these.  TIMS dating of the 
youngest zircons would be required.
 Secondly is the presence of Archean and Paleoproterozoic ages, which are rare in 
southern Norway (Figure 1.1).  Beyer et al. (2004, 2012) have linked Archean ages of peridotites 
in the WGR to sub-Laurentian-mantle sources; importantly, this links Archean ages to the WGR. 
The handful of (3.5% of all) ages >1900 Ma show a similar distribution pattern to the Caledonian 
population (75% of Archean and Paleoproterozoic ages found along the northern margin).  
Alone, this observation only suggests a tenuous conclusion, but considered in the light of the 
close association with Scandian (390-430 Ma) and Caledonian (430-500 Ma) ages, the data 
suggest a source of sediment that links all three populations.   In order to shed more light on 
these data, Chapter 3 of this thesis explores trace-element analysis of selected U/Pb-dated detrital 
zircons from Hornelen basin.  
Conclusion
 Extensive new detrital zircon data from the Hornelen basin document a spatial variance 
in the sediment provenance, indicating a constant northern source in the Upper Allochthon, 
contrasting with a source for the southern and axial alluvial deposits in the Lower and/or Middle 
Allochthons.  These data support predictions of the strike-slip model for an asymmetry in 
sediment provenance between the northern and southern margins, as well as a lack of evidence 
55
for progressive unroofing of tectonostratigraphy, related to slip on any postulated detachment 
faults controlling the structure and sedimentation of the basin.  At least two interesting sub-
populations are present (Scandian zircons, 390-430 Ma, and Paleoproterozoic and older grains 
>1900 Ma) which are suggestive of a Western Gneiss Region source for some of the sediments.  
The data do not rule out any genetic connection between the Hornelen basin and large-scale 
extensional structures active during the collapse of the Caledonian orogen (i.e., the NSDZ), but 
suggest that tectonic models for the formation of the basin must account for the observed 
asymmetry in facies architecture and sediment provenance within Hornelen, as well as the basin-
scale asymmetry between Solund, Kvamshesten, and Hornelen.  These observations strongly 
favor a significant influence of strike-slip tectonics during Devonian basin formation, with a 
dominantly dextral strike-slip setting for Hornelen.  As suggested by Steel et al. (1985), such 
faults need not have been major structures, but may have been subsidiary (antithetic) faults at a 




Detrital mica 40Ar/39Ar dating of the Hornelen basin: 
connections between extensional structures and the 
exhumation of an UHP terrane during orogenic collapse
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Introduction: detrital mica dating
 Geochronology as a tool for sediment provenance has become a widely used technique 
since the advent of laser analytical prototocols.  The choice of mineral and isotopic system for 
detrital dating is based on a number of factors including: cost, efficiency, and availability of 
analytical tools, the relative abundance of a mineral in the sedimentary system, and the closure 
temperature of the isotopic system.  Zircon is the most commonly used detrital mineral for 
radiometric age (U/Pb) dating, but detrital mica 40Ar/39Ar shares most of the qualities that make 
these two minerals excellent choices for provenance studies, among which are: a robust and inert 
crystal structure that is preserved through one or more sedimentary cycles; a common occurrence 
as an accessory mineral in crustal rocks; the relatively inexpensive and efficient analytical tools 
available (laser ablation and laser fusion mass spectrometry); and a commonly well-developed 
dataset of radiometric ages from potential source areas.  A key difference between the U/Pb 
zircon and 40Ar/39Ar mica systems is the much lower closure temperature for the argon system in 
mica, making detrital mica a more useful tool for interpreting the latest exhumation history of 
active orogenic belts.  
 Among K-bearing minerals, white mica is the best choice for provenance studies, as it is 
more resistant to physical and chemical breakdown during sedimentary transport than 
hornblende, biotite, or K-feldspar, and is a common mineral in a wider range of lithologies 
(Stuart, 2002).  The mid-range closure temperature of muscovite (350-400℃ at cooling rates of 
1-50ºC/m.y.) means that the K-Ar system is open to the diffusive loss of radiogenic 40Ar* at 
greenschist facies conditions, thus mica ages record only the latest phase of orogenic activity 
(contrast to zircons, which can remain closed to Pb-loss in all but the highest grade metamorphic 
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conditions, and can even retain inherited U/Pb ages during partial melting of the crust).  Mica 
closure temperature is likewise high enough that typical burial and diagenesis do not affect mica 
ages, although thermal anomalies in the upper crust (such as fault zone fluids or dike intrusion) 
can partially or completely reset detrital mica ages (Stuart, 2002).  While biotite, and phengitic 
(high pressure) micas more commonly show evidence of excess Ar (thus yielding older apparent 
ages), muscovite is not as prone to this problem, or to the problem of incorporating atmospheric 
argon (Stuart, 2002; Hodges et al., 2005) thus making age determinations more reliable.  
Although uncommonly used on detrital samples, furnace step heating of single grains and 
isochron analysis have proven useful tools for identifying these issues.  
 Detrital mica analyses have been used in active orogenic settings, in particular, to address 
a range of problems and questions (see reviews in Stuart, 2002, and Hodges et al., 2005) for 
which U/Pb zircon, as a detrital geochronometer, is limited because of its high closure 
temperature and the immobility of radiogenic Pb* under most metamorphic conditions.  In 
Chapter 1, I presented an extensive detrital zircon U/Pb dataset from the Hornelen basin, SW 
Norway, in an attempt to constrain potential structural models for this enigmatic basin based 
upon spatial patterns of provenance variability.  Here, I follow up on that study with a 
complementary dataset of new 40Ar/39Ar detrital white mica data from the same sample set, 
thereby providing important evidence which documents the thermal and tectonostratigraphic 
evolution of the Caledonian orogenic collapse.  These data are applied toward an evaluation of 
potential structural models for the Hornelen (strike-slip vs. supradetachment models), as well as 
to constrain the depositional age and temporal lifetime of this unusually thick (but poorly 
fossiliferous) terrestrial basin.
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Interpreting uplift, erosion and age of deposition from detrital mica data 
 Based on the interpretation that detrital mica ages represent cooling through a closure 
temperature (TC, Dodson, 1973) of 350-400℃, this corresponds to the time that the rocks passed 
upward through a depth of 12-16 km (in a typical continental geotherm of 25-30℃/km).  It has 
been shown that in active orogenic belts, advection and accretion of heat-producing material 
causes an upward perturbation in the geotherm (affecting depths as great as 20 km), and that a 
thermal steady-state can be achieved relatively quickly during orogenesis (Huerta et al., 1998).  
Thus, a more realistic depth to TC  can be considered as 8-10 km (60% of the undisturbed thermal 
state).  
 In active orogenic belts, rates of sediment transport and deposition can be considered 
rapid, essentially instantaneous, processes.  Making this assumption, then, the difference between 
the apparent 40Ar/39Ar age of a detrital mica and the time of deposition of the sedimentary layer 
(referred to as lag time, or residence time -- see Figure 2.1) is a direct  measurement of the time 
required for uplift from 8-10 km to the surface, and a corresponding rate of erosion in the 
hinterland can be calculated.  Rates as high as 5-10 mm/yr have been calculated for actively 
uplifting areas of the Himalaya (Copeland and Harrison, 1990; although Manckletow and 
Grasemann, 1997, revised this estimate down to 3-6 mm/yr based on a perturbed geotherm 
model) to explain observed lag times of 0-5 m.y. in sediments from the Bengal fan.  White et al. 
(2000) found evidence for a change in lag times, from < 1 m.y. up to 7-10 m.y., in foreland basin 
sediments from northern India; they interpreted this trend in terms of a change in uplift rate in 
the source area.  The Himalayan collision is often considered as a modern analog to the
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Figure 2.1  Lag time, Δt, is defined as the difference between the apparent age of a grain (tc) and the time of 
deposition at the surface (td), and is a function of depth to the closure isotherm (Zc), rates of uplift and erosion, and 
residence time in the sedimentary system (a combination of erosion and transport).  From Stuart (2002). 
Caledonian orogeny; the opening of the Hornelen basin coincides with the extensional collapse 
of the Caledonides rather than ongoing collision, and thus potentially limits the extent to which 
these parameters can be applied.  Even so, evidence favors continued tectonically-driven heat 
advection and unroofing during the Devonian basin opening, and thus it is reasonable to use the 
modern Himalayan  collisional analog, at least as a starting point, for interpreting Caledonian 
extensional dynamics. 
 In some cases (less commonly observed), lag times extend upwards of 100 m.y.; Sherlock 
(2001) made a case for a two-stage erosion and deposition model in the northern Caledonides of 
Norway based on long lag times and an inverse relationship between stratigraphic age and 
detrital mica ages in offshore Mesozoic sediments from the Norwegian Sea.  In this model, 
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sediments were initially deposited in intramontane terrestrial basins during the Devonian, where 
they resided for +100 m.y. before renewed uplift and basin inversion beginning in the Permo-
Triassic recycled these sediments into offshore marine basins. 
 In basins where the age of deposition is not well constrained (such as Hornelen and the 
rest of the Norwegian Devonian basins), detrital mica ages can be interpreted in terms of 
maximum age of deposition.  Detrital age populations are expected to skew toward the youngest 
ages in active orogenic settings (Stuart, 2002); youngest individual ages may represent areas of 
anomalously high uplift rates (fault zones, for example).  Thus youngest ages can be interpreted 
as exhumed from closure depth in <1 m.y., and used to assign maximum age of deposition to the 
sediments.  Youngest age population peaks are likely to represent an average rate of uplift for the 
drainage basin, and typical lag times of 5-10 m.y. (Sherlock, 2001) can be assumed to further 
constrain the age of deposition.  
 
Geologic setting 
 Hornelen basin is the largest of a set of post-orogenic terrestrial basin remnants in SW 
Norway that are part of the system of Devonian-aged Old Red Sandstone (ORS) deposits 
preserved around the Caledonian-Acadian orogenic belt (Friend et al., 2000).  Like other ORS 
deposits, Hornelen comprises coarse-to-fine-grained clastics and is interpreted as having been 
part of a system of linked, fault-controlled basins that formed in an extensional/transtensional 
tectonic regime in the latest phases of the orogenic cycle (see Hossack, 1984; McClay et al., 
1986; Norton et al., 1987; Krabbendam and Dewey, 1998; Osmundsen and Andersen, 2001; 
Fossen, 2010).  In SW Norway, Devonian orogenic collapse of the Caledonian highlands is 
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linked to the exhumation of one of the largest UHP terranes in the world: a metamorphic core of 
Baltican continental crust (known as the Western Gneiss Region or WGR) that had been 
subducted to mantle depths during the late-Silurian Scandian phase of the orogeny, ca. 430-400 
Ma (Brueckner and Griffin 1980; Root et al., 2004; Kylander-Clark et al., 2007). Immediately 
following peak-UHP metamorphism, the WGR was exhumed in a multi-stage process that is 
constrained by abundant geochronological and thermobarometric data (e.g., Wilks and Cuthbert 
1994; Hacker 2007, Kylander-Clark et al., 2008, Walsh et al., 2013). From 400 Ma to 395 Ma, 
the WGR rose adiabatically to mid-crustal depths, at rates of 6-7 mm/yr (Wilks and Cuthbert 
1994; Young et al., 2011), after which time it cooled quickly (~ 90 ℃/m.y.) but was exhumed 
more slowly (<1 mm/yr vertical exhumation) through muscovite closure temperature, with the 
bulk of the UHP terrane cooled below ~400 ℃ by 385 Ma.  This latest phase of rapid cooling 
(~395-385 Ma) required the aid of a tectonic mechanism/structure (as modeled purely conductive 
heat flow cannot cool a hot slab the size of the UHP terrane in this short amount of time); the 
Nordfjord-Sogn Detachment Zone (NSDZ) is a major mid-crustal shear zone, the exposed parts 
of which are amphibolite-to-greenschist facies, that facilitated the cooling of the UHP WGR and 
dramatic crustal thinning (Hacker 2007; Johnston et al., 2007).  The Old Red basins (including 
Hornelen, which is loosely dated to the Middle Devonian by sparse crossopterygian fish fossils, 
see Jarvik, 1949) developed during this phase of crustal thinning and are interpreted as having 
been controlled by brittle structures with genetic links to exhumation of the UHP WGR along the 
NSDZ (Norton 1987, Johnston et al., 2007).
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Structure of the Caledonian orogeny
 The Caledonian orogeny resulted from the protracted closure of the Iapetus Ocean (ca. 
505-430 Ma) and the sequential thrusting of far-traveled nappe units eastward onto the Baltican 
craton as far as 100’s of km’s (Roberts and Gee, 1985).  Based on the westward increase in 
metamorphic grade from the Caledonian foreland (approximately the Swedish border) toward the 
west coast of Norway, a classic orogenic-wedge geometry is inferred for the gross structure of 
the orogeny, with a maximum crustal thickness of +120 km in SW Norway, evidenced by the 
rare presence of coesite in rocks from the Western Gneiss Region (Smith, 1984).   
 Although in wide usage in the literature, Corfu et al., (2014) have recently advocated the 
abandonment of the Lower, Middle, and Upper Allochthon nomenclature because of the inherent 
complexities, ambiguities, and categorical overlap within and between units.  In southern 
Norway, the nappes are grouped into three distinct allochthons (see Figure 2.2; Roberts and Gee 
1985), and have been interpreted in terms of the progressive closure of the Iapetus ocean over 
~100 m.y. and the resulting telescoping of nappe units from the proximal Baltican margin 
(Lower Allochthon), outboard to distal marginal shelf sequences (Middle Allochthon),  to the 
overthrusting of exotic oceanic terranes including island arc intrusive complexes, ophiolites, and 
marine sediments (Upper Allochthon).  Both the Lower and Middle Allochthons contain 
parautochthonous slices of crystalline rocks from the Baltican margin imbricated with nappes of 
the metasedimentary units, and including anorthosites and granodioritic gneisses.
 In this paper, we are mainly concerned with the metamorphic history (and thus the 40Ar/
39Ar mica cooling ages) recorded in the various tectonostratigraphic units.  In southern Norway, 
 64
Figure 2.2  Geologic map of southern-central Norway, with a representative subset of published 40Ar/39Ar mica 
data.  Actual data density is higher around the NSDZ (a Mode II extensional shear zone discussed in the text) and 
the UHP region north of Hornelen basin, see Figure 2.6. Mica ages referenced in this map, as well as Figures 2.3 and 
2.6: Dallmeyer (1985), Dallmeyer and Gee (1986, 1988), Dallmeyer (1990), Dallmeyer and Stephens (1991), 
Chauvet and Dallmeyer (1992), Berry et al. (1993, 1995), Boundy et al. (1996), Fossen and Dunlap (1998), Fossen 
and Dallmeyer (1998), Andersen et al. (1998), Kendrick et al. (2004), Hacker and Gans (2005), Johnston (2006a), 
Root et al., (2005), Young et al. (2011), Walsh et al. (2007, 2013), and Warren et al. (2013). Map modified from 
Fossen (2010).  Chrontours based on Walsh et al. (2013).
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no major metamorphic breaks have been observed within the nappe stack (orogenic wedge); 
however, one of the most profound metamorphic breaks seen anywhere in the world is observed 
between the Devonian basins and the UHP WGR, across the 3-5 km of extensional (top-W) 
mylonites of the NSDZ (mode II shear zone of Fossen, 1992).  For the sake of simplicity and 
correlation of a confusing array of names for nappes, allochthons, etc., here I describe the 
tectonostratigraphy of the Devonian Caledonides in terms of this one structure (see Figure 2.3).  
In this scheme, the ‘allochthons’ refers to the hanging wall of the NSDZ, including rocks of the
Lower, Middle, and Upper Allocthon, the latter of which serves as the depositional basement for 
the Devonian basins (which thus are also located in the hanging wall of the NSDZ).  The ‘shear 
zone’ refers to the mylonitic rocks of the NSDZ, which range from amphibolite to greenschist 
facies, and include (confusingly) rocks correlated with the Lower and Middle Allochthons, as 
well as the autochthonous WGR (see Johnston et al., 2007).  The Western Gneiss Region (WGR) 
comprises the footwall to this structure and contains numerous pods and boudins of HP and 
UHP eclogite, as well as some large bodies of mantle peridotite. When necessary, some of the 
nappes and related units are referred to by name (Jotun, Seve, Köli), mainly to clarify references 
to the published data from these areas.
Hornelen Basin stratigraphy and structural models
Hornelen contains an unusually thick package of 25 km of east-dipping strata, organized 
into three main depositional systems: small, steep, debris-flow fans on the northern margin; 
larger, mainly stream-flow fans on the southern margin; and an axial braided river system with a 
paleoflow from east to west (Steel, 1977; see Figure 2.4).  Limited lacustrine facies are found 
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Figure 2.3  Kernel density estimates (KDE, Vermeesch, 2012) of published mica ages from Norway, corresponding 
to a simplified tectonostratigraphic interpretation of the gross Caledonian structure during Devonian extension. KDE 
plots of published mica ages include only muscovite total fusion age data, where available.  In most cases, total 
fusion age (TFA) agrees closely with the favored age for interpretation (often a plateau age and occasionally an 
inverse-isochron age; in cases where TFA is not available in the literature, one of these preferred ages is included).  
Most ‘allochthon ages’ come from Köli, Seve, and Jotun Nappes in central and southern Norway, while data from 
northern Norway are excluded in this compilation.  ‘Shear zone’ ages include any data from samples within 
mylonitic rocks of the NSDZ (Mode II) and top-W deformation fabrics interpreted as Mode I extensional 
deformation by Fossen and Dallmeyer (1998) and Fossen and Dunlap (1998), plus several samples from the Møre-
Trondelag Fault Zone; but exclude dates from the Nesna Shear Zone in north-central Norway (although these ages 
are comparable to NSDZ ages, 389-394 Ma).  WGR basement ages include a few eclogite mica ages from Root et 
al., (2005) and weighted averages from 6 samples from Warren et al. (2013), for which they reported 10-17 single-
grain ages per sample.  A representative majority of these ages is plotted on the map in Figure 1. Sources of data not 
listed in Figure 1. 
along the northern margin of the basin in the upper stratigraphic levels; these deposits
interfinger with debris flow fans to the north and axial braidplain facies to the south.  Based on 
the abundance of coarse, proximal alluvial deposits (including thick sequences of cobble- and 
boulder-bearing conglomerates), the basin is interpreted as a classic tectonically-controlled basin. 
Crucially, for structural models of the basin, the lack of any difference in the metamorphic grade 
across the basin strata requires a migrating-depocenter model that allows for the accumulation of 
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25 km of strata in a basin whose true vertical thickness remains far less than that.  The maximum 
burial depth in constrained to ~10 km (Svensen et al., 2001), with no evidence for significant 
variations in burial depth across the basin.
Although most recent workers agree that the basins are related to extensional tectonics 
and orogenic collapse, the tectonic setting of these basins has been debated since the earliest 
mapping in the 1960’s, and a number of distinct tectonic models have been proposed.  Following 
the approach of Chapter 1, here I apply mica provenance data toward evaluating distinct 
predictions made by two differing tectonic models, a more detailed discussion of which can be 
found in Chapter 1. 




 The strike-slip model was developed in Ridge Basin, CA (see review in Crowell, 2003) 
and favored by Steel and Gloppen (1980) for the origin of Hornelen basin.  In this model, the 
basin is created at a restraining-releasing bend on a dextral strike-slip fault.  The basin floor 
movement with respect to the depocenter, which remains fixed at the fault bend, creates the 
tilted, shingled stratigraphy and the anomalously thick pile of sediments.  The bulk of the axial 
sediments and the southern margin stream flow fanglomerates are both sourced in the ‘footwall’ 
fault block, while the northern fans are have their provenance in the opposing, northern block 
(Figure 2.5).  While the source of the northern fans remains fixed to the restraining bend in the 
fault, the source of the southern fans is expected to evolve through time as the southern 
(‘hanging wall’) fault block slides to the west, carrying the basin along with it.  Thus, the strike-
slip model predicts a distinct asymmetry which is observed in the geometry of marginal facies 
belts (Steel and Gloppen, 1980), the clast provenance of the northern and southern fan systems 
(Cuthbert, 1991) and the detrital zircon provenance of alluvial deposits around the basin (Chapter 
1).   Additionally, because the strike-slip fault model is not genetically related to extensional 
unroofing of high grade metamorphic rocks in the WGR, this model does not predict temporal 
changes in provenance that would reflect progressive exhumation of deeper tectonostratigraphic 
levels.
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Figure 2.5: tectonic/sedimentologic models and provenance predictions for a) the strike-slip model, and b) the 
supradetachment model.
 Supradetachment model
 In contrast, the supradetachment model predicts a direct, genetic link between the 
opening of the Devonian basins and the large-scale extension of the upper crust on brittle, low-
angle detachment faults.  Several variations on this model have followed after the initial
recognition of the NSDZ as a major extensional structure, and the proposal that the Devonian 
basins of western Norway all formed in the hanging wall of a listric normal fault (Hossack, 1984; 
Norton 1987; Séranne and Seguret, 1987; Wilks and Cuthbert, 1994; Vetti and Fossen, 2012).  
All variations of the supradetachment model invoke a scoop-shaped, listric normal fault that 
soles into a low-angle, brittle detachment at shallow depth, and envision the source of the 
sediments in the rising footwall.  The brittle low-angle detachment is assumed to interact with 
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the NSDZ in the mid-crust.  In constrast to the strike-slip model, supradetachment basin models 
predict a level of symmetry between northern and southern marginal deposits, both in facies 
geometry and in sediment provenance.  Ultimately, N and S marginal fan deposits represent 
synchronous deposits from along the same listric fault scarp, as a continuous belt of fans is 
expected to have formed along the eastern breakaway (supported by mapped extent of alluvial 
fan facies in the eastern reaches of the basin, bordering the low-angle basal detachment fault). 
This model draws links the brittle upper crustal deformation on the Hornelen detachment directly 
to large-scale ductile simple shear of the mid-crust and tectonic thinning of the overthickened 
orogenic crust of the WGR along the NSDZ.  Because movement on the detachment fault is 
directly tied to progressive exhumation of higher-grade metamorphic rocks (deeper levels of the 
Caledonian tectonostratigraphy) the model predicts changes through time (upward/eastward in 
the stratigraphy) as the detachment fault dissects the orogenic wedge (Figure 2.5).  This 
prediction implies that the youngest sediments in Hornelen may potentially have their 
provenance within the WGR or the NSDZ.
Discussion of existing geochronology 
  Early work to place geochronological constraints on the post-peak-eclogite facies 
metamorphism and subsequent cooling of the WGR used K-Ar dating (Lux, 1985; Cuthbert,
1991).  The development of the 40Ar/39Ar technique gained a rapid foothold in Norway in the 
early 1990’s, and a series of studies were published on 40Ar/39Ar ages from the allochthons 
(Dallmeyer, 1990; Coker et al., 1995; Boundy et al., 1996; Andersen et al., 1998; see Figure 2.2).  
These studies yielded mixed results and seemed to fall into two distinct groups: hornblende and 
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mica ages from northern Norway (Seve and Köli nappes) ranged 373-425 Ma, while along the 
SW coast (Lindås nappe and Hoyvik Group) ages range 430-460 Ma.  Complicated Ar-release 
spectra and evidence for excess argon pointed toward interpreting the data in terms of ‘polyphase 
orogenic pulses’ (Dallmeyer, 1990).  
 Almost synchronously, kinematic indicators in ductilely deformed rocks were becoming 
widely recognized and applied in shear zones to interpret relative sense of motion (e.g., Fossen 
1992).  These two tools were combined in SW Norway to date the timing of extensional (top-to-
the-west) deformation by analyzing hornblende and mica from shear zones with consistent 
kinematic indicators.  Recognizing that argon ages could represent cooling ages as suggested by 
Dodson (1973), or could instead be interpreted as ages of mineral growth in a shear zone at 
temperatures near, or below, the nominal argon-closure temperature for a given mineral, these 
workers obtained 40Ar/39Ar ages from shear zones with both top-E (contractional) and top-W 
(extensional) fabrics, and interpreted the resulting ages in terms of the timing of shearing.  
Chauvet and Dallmeyer (1992) provided the first radiometric constraints on the NSDZ (393-404 
Ma), and showed that a sample from the WGR, below this major structural detachment, had a 
younger age of 385 Ma -- thus supporting the extensional detachment model.  Fossen and 
Dallmeyer (1998) and Fossen and Dunlap (1998) addressed the timing of thrust-related shearing 
versus extensional shearing in two areas of southern Norway, in the context of Fossen’s (1992) 
Mode I/Mode II extensional model.  Their results showed a clear earlier phase of thrust-related 
argon ages in the Jotun Nappe region, 415-408 Ma, compared to extensional fabrics dated 
402-394 Ma.  Ages in the Bergsdalen nappes area (Bergen Arcs area) showed no difference 
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Figure 2.6  Detailed geologic map of the Hornelen and related Devonian basins, and the full set of Ar/Ar mica 
geochronology from the NSDZ and HP/UHP basement rocks of the WGR.  Ages annotated with a range (e.g. 
451-402) represent step-heated samples that yielded a range of step-ages, but no consistent plateau (data from Walsh 
et al., 2013).  Ages in bold are new (step-heated, single-grain) basement ages from this study, from the 
Bremangerlandet Upper Allochthon depositional basement to the Hornelen basin (see Appendix IV).  
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between contractional and extensional fabrics, but were interpreted as extension-related cooling 
ages (403-398 Ma).   
 By this time (the late 1990’s), a substantial dataset of mica and hornblende 40Ar/39Ar ages 
existed in the literature, and a pattern of younger ages in the WGR (below the NSDZ) had begun 
to emerge, although the spread of Ar ages from mylonites of the NSDZ (396-414 Ma, Figure 2.6) 
already tested the limits of the technique to resolve the geochronology in a zone of complicated 
amphibolite-facies shearing (see review in Andersen, 1998).  Recognition of other extensional 
detachments in Norway led workers to document timing and kinematics with the same tools. The 
Hoybakken detachment and the Møre-Trøndelag Fault Complex (MTFC) in central Norway 
juxtapose many of the same geologic elements seen around the NSDZ: mylonites, brittle faults, 
Devonian basin remnants, and exposed basement windows.  40Ar/39Ar dating applied to shear 
zone mylonites of the Hoybakken detachment and basement rocks from the footwall to this 
structure yielded ages of 384-381 Ma for the shear zone, and ~390-400 Ma for the footwall, 
(hornblende and mica, Kendrick et al., 2004; Dallmeyer et al., 1992), giving new context to 
hanging-wall-correlative ages from the Seve and Köli nappes obtained previously (420-435 Ma, 
see compilation in Eide and Solli, 2002).  Meanwhile, kinematics of the related MTFC showed 
sinistral shearing related to long-lived transtension (Krabbendam and Dewey, 1998; Osmundsen 
et al., 2006). 
 Over the past decade, the UC-Santa Barbara lab, led by Brad Hacker, Phil Gans and their 
students and post docs, in collaboration with researchers at the University of Oslo (mainly T.B. 
Andersen), has used high-precision, spatially-resolved, laser ablation mass spectrometry as well 
as 40Ar/39Ar dating (among other analytical methods) to add large numbers of data points to the 
 74
existing zircon, titanite, rutile, mica, and hornblende datasets.  Some of their contributions 
include: U/Pb eclogite zircon dating and REE analyses, refining the chronology of peak UHP 
metamorphism to 400-405 Ma (Root et al., 2004; 2005; Kylander-Clark et al., 2009) and 
extensive 40Ar/39Ar chronology of white mica from the WGR, documenting an E-W gradient in 
mica ages as well as discrete UHP domains that record N-S folding of the WGR crust and 
progressive W-to-E unroofing from 400-380 Ma (Root et al., 2005; Walsh et al., 2007; Walsh et 
al., 2013).  Many of these data are concentrated in the Nordfjord area to the north and east of 
Hornelen basin and provide a robust geochronological framework from which to interpret new 
datasets of detrital thermochronology that are presented in this thesis.  Meanwhile, ongoing 
research in central and northern Norway, led by NGU (Norges geologiske undersøkelse) workers 
in Trondheim, has produced a complementary dataset with a somewhat broader focus. See 
review in Corfu et al., 2014.
 In addition to geochronology, the UCSB group has published extensive structural and 
petrologic observations and analysis of strain-related fabrics.   Many of these contributions have 
focused on a refined understanding of the NSDZ and related structures; a 3-stage model for 
exhumation of the UHP WGR was put forth by Hacker (2007) and supported by subsequent 
authors (Johnston 2007a,b; Kylander-Clark et al., 2008).  In this model, which rests on both 
 strain fabric analysis and extensive geochronology, the bulk of exhumation was achieved 
through coaxial deformation, or adiabatic diapiric rising (from +100 km to 30-40 km), followed 
by a second stage of rapid (tectonically-assisted advective) cooling of as much as 60-90℃/m.y. 
(from +600℃ down to 350-400℃ in ~ 5 m.y.)   Such rapid cooling rates for a terrane the size of 
the WGR UHP domain requires tectonically-driven advection; the timing of amphibolite facies 
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shearing of the NSDZ fits thermochronologic constraints for this stage of cooling, so Johnston 
(2007a) concluded that this rapid cooling was driven by simple shearing along the NSDZ.  The 
amphibolite facies fabric of the NSDZ is overprinted by a later greenschist facies shear fabric, 
thus recording exhumation of the WGR to an upper crustal depth of ~10 km.  This model 
suggests initiation of the Devonian basins ca. 395 Ma during the beginning of amphibolite facies 
shearing; the basins would continue to open up at the surface, controlled by brittle faults, and 
then be cut by later detachment faulting that ultimately juxtaposes the sediments against NSDZ 
mylonites.  Recently, Young et al. (2011) identified a second, deeper shear zone below the 
Hornelen basin; this structure appears to affect the mid-lower crust but does not have significant 
impact on the relationship between the shear zone(s) and brittle deformation in the upper crust.  
Both shear zones are cut by the brittle Bortnen fault that runs along the northern margin of 
Hornelen (though entirely within the basement) which is interpreted as a sinistral strike-slip fault 
of moderate (<10 km) displacement, a presumably later structure with no existing age 
constraints.
 In an attempt to place the Devonian basins in the timescale context provided by the 
growing body of radiometric age data, Eide et al. (2005) applied 40Ar/39Ar dating to both clasts 
and detrital mica grains from Old Red sediments in the northern-most Devonian basin remnant 
from central Norway, the Asenøya basin.  This tiny island outcrop of red bed alluvial sands and 
conglomerates had been presumed to be Early-Middle Devonian (or younger) based on 
palynology from nearby outcrops of Devonian sediments (Allen, 1976).  The new results 
suggested a maximum depositional age of Latest Devonian based on a 371 Ma K-feldspar 40Ar/
39Ar age from a granitic clast; detrital mica ages ranged from 386-416 Ma, falling mostly 
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between 390-400 Ma, and pointing toward a source for the sediments in the Central Norway 
Basement Window (CNBW), equivalent to the WGR further south.  Although from a different 
geographic area, this study stretched the resolution of absolute timing of Caledonian-collapse 
tectonics, and hinted at a poorly-understood phase of tectonic activity in western Norway: the 
Middle Devonian-Carboniferous.  At what point did the structurally-controlled basins begin to 
open?  How extensive was this system of Devonian basins, and how deeply covered in sediment 
did the Caledonides become before the rejuvenation of block uplift began to invert the basins?
 Johnston’s (2007a,b) work on the NSDZ contributed several important observations of 
this structure, namely that the amphibolite facies mylonite fabric overprints previously existing 
tectonostratigraphic contacts between the underlying WGR and overlying nappe units correlated 
with the Lower and Middle Allochthons; essentially, the NSDZ initiated at depth and did not 
follow any pre-existing structures.  However, the lack of precision in dating the onset of shearing 
in the NSDZ (especially in relation to the apparent precision of thermochronology from the 
WGR below the shear zone) leaves the impression that despite a catalog of detailed observations, 
there is no clear story as to how this shear zone relates, in time, to the rise of the UHP rocks 
below and the deposition of the Devonian sediments above.  
 Johnston et al. (2006b) attempted to address this problem with a suite of 40Ar/39Ar mica 
data from NSDZ mylonites in the Lower and Middle Allochthonous rocks south of Hornelen.  
The data were aimed at addressing the paradox of a systematic distribution of ages within the 
WGR, contrasted with a decided lack of systematics or age trends within the NSDZ samples.  
The authors proposed to address this by comparing step-heating experiments to laser-ablation 
spot ages from a transect of samples across the NSDZ.  Unfortunately, the data do not reveal any 
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obvious or convincing interpretable trend in either case.  The authors concluded that the grains 
contained evidence for both excess Ar and trapped atmospheric Ar, thus potentially explaining 
away the wide range of favored ages (409-382 Ma, all within the NSDZ) with complicated Ar-
systematics rather than make an attempt at an even more complicated geologic explanation. 
Argon systematics in SW Norway
  Evidence for complicated Ar-systematics in the NSDZ and underlying UHP terrane has 
existed since the earliest attempts at dating these rocks using the  argon system (e.g. Lux, 1985; 
Dallmeyer, 1990; Chauvet and Dallmeyer, 1992; Boundy et al., 1996) and the problem of excess 
Ar in high-pressure metamorphic rocks is well known from other localities as well (see Warren et 
al., 2012).  In a study focusing on the Ar systematics in the Nordfjord UHP terrane of the WGR, 
Warren et al. (2013) document significant intra- and inter-grain variability both within individual 
eclogites (756-406 Ma single-grain laser fusion phengite ages) and their host gneisses (385-418 
Ma, SGLF mica ages; weighted mean ages of 385-389 Ma).  Although these results raise 
questions about the validity of using detrital mica dating to accurately fingerprint a source in the 
(ultra) high pressure metamorphic terranes, the observed variability is less in host gneisses 
(volumetrically much more significant than eclogite pods), and modeling (Warren et al., 2012) 
suggests that in the medium-grade metamorphic gneisses of the central and eastern WGR, as well 
as the overlying metamorphic rocks of the Caledonian orogenic wedge, Ar-diffusion kinematics 
should conform to Dodson’s (1973) closure-temperature assumptions and that Ar/Ar mica ages 
from these rocks should be interpretable as cooling ages.  The UHP WGR may have ultimately 
become a source of sediments to the Hornelen basin; if so, only at higher stratigraphic levels, 
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thus the complicated argon-systematics in the NSDZ and UHP terrane do not render a detrital 
mica dataset un-interpretable.  Microprobe data on phengite content of detrital micas can be used 
to support any interpretation of questionable mica age data by documenting the phengite content 
of micas from individual samples, and thus giving some indication of whether such micas come 
from high-P metamorphic terranes or not.
 Overall, the published dataset is summarized with age distribution plots in Figure 2.3. 
The allocthons (NSDZ upper plate) yield mica ages that range ~400-450 Ma.  The NSDZ shear 
zone itself, in which the Ar-systematics are obviously complicated beyond simple cooling-age 
interpretation, yield ages ranging ~380-409 Ma, with two distinct sub-populations focused at 383 
and 398 Ma.  The lower plate of the NSDZ (the WGR and UHP terranes within) yield ages 
ranging 370-405 Ma, with a systematic spatial distribution noted by Walsh et al., (2013) and 
displayed in the mapped ‘Ar-chrontours’ of Figure 2.2.  The oldest WGR ages are found in the 
east, and the general trend shows younging to the west.  North of the Hornelen, chrontours are 
folded along E-W axes and  the youngest age domains correspond to the UHP domains.  Despite 
evidence for some samples not adhering to Dodson closure-temperature assumptions during 
UHP metamorphism (e.g., Warren et al., 2013), the overall spatial pattern of Ar/Ar mica ages 
indicates that for much of the WGR, Ar-ages in mica do record geologically meaningful cooling 
ages, and that some level of confidence can be placed in these data as a framework for 
interpreting detrital ages.
Previous provenance work in Hornelen 
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 Previously published provenance work in the Hornelen is limited to a clast petrology 
study of the marginal facies, including three K-Ar dates from clasts and depositional basement 
(Cuthbert, 1991), and Chapter 1 of this thesis.  Three unpublished theses (Fonneland, 2002; 
Johnston, 2006; Pedersen, 2011) are an additional source of detrital zircon, Sm/Nd, and trace 
element data from Hornelen sediments.  A central question that all provenance workers have 
attempted to answer is whether the UHP WGR was exposed to erosion, and thus a source of 
sediment to the Hornelen in the Middle Devonian.  The answer to this question has bearing on 
the relative timing between the opening of the Devonian basins to the well-constrained rise of the 
WGR from UHP depths; the geodynamic question of the exhumation of UHP terranes has 
attracted much attention from the research community in the past 20 years, but the relationship 
between ductile exhumation through the mid-crust to brittle deformation (and extensional 
faulting on the surface) remains unresolved. 
 Overall, the authors of these provenance studies have disagreed on this question. Cuthbert 
(1991) concluded, based on the absence of any high-pressure metamorphic or mylonitic clasts, 
that the WGR and NSDZ were still buried at a depth of ~10km during basin opening.  A decade 
later, an early (unpublished) U/Pb detrital zircon, Sm/Nd, and trace element study of alluvial 
deposits in Hornelen (Fonneland, 2002) suggested that the WGR may actually have been a 
source for the axial system, which has a more distal source than the marginal fanglomerates 
(which show no evidence of WGR or NSDZ provenance according to Cuthbert, 1991).  Sm/Nd 
model ages showed that the sediments had their provenance in Proterozoic (Gothian) crustal 
rocks, either the Lower/Middle Allochthons or the WGR.  An apparent up-section trend in the 
trace-elements of bulk samples recorded a shift toward more highly fractionated magmatic rocks, 
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and led Fonneland to conclude that this reflected a provenance of the older stratigraphy in deeper 
crustal rocks (anorthosites, mangerites, syenites of the Jotun Nappe/Middle Allochthon), while 
the younger strata were seeing an increasing input from the upper crustal rocks of the WGR.  
Pedersen (2011) and Templeton (Chapter 1) found a large influence of Caledonian aged zircons 
along the northern margin of Hornelen, interpreting these to mostly represent a provenance in 
granitoid intrusives of the Upper Allochthon, and based on the geography of Fonneland’s (2002) 
sampling transect, the ‘up-section trend’ could also be interpreted as a trend recording increased 
influence of Caledonian granitoids toward the northern margin.  However, Templeton and 
Pedersen both report a population of Scandian-aged (<430 Ma) zircons which seem likely to 
have their provenance in Scandian pegmatites of the WGR.  Pedersen (2011) was less certain in 
this regard, and left open the possibility that the WGR was a source for a sub-population of 
Scandian aged zircons (390-430 Ma) that do not match up with any known Upper Allochthon 
intrusive ages.  
My approach  
 Taking advantage of the well-organized stratigraphic system of the Hornelen basin, in 
combination with the extensive Ar/Ar data from all tectonostratigraphic levels of the Caledonian 
orogen, here I test the hypothesis that spatial and temporal changes in the sediment provenance 
within such a well organized, structurally-controlled stratigraphic system can be used to evaluate 
different tectonic models for basin formation.   The set of samples (Figure 2.4; Table 2.1) that 
covers the entire stratigraphy of the basin, both in space (northern, southern and axial samples) 
and time (from the oldest, westernmost strata to the very youngest, easternmost).  These samples 
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comprise alluvial sandstones of varying grain size, which are expected to have a broader 
provenance than the marginal fanglomerates and thus may yield information about distal sources 
that were not contributing clasts to the marginal fans.  Detrital zircon U/Pb data from this same 
sample set is presented in Chapter 1; here, I employ detrital mica 40Ar/39Ar dating on twenty four 
samples from the same suite combined with (unpublished) data from three additional samples 
provided by C. Warren.  Two additional samples (Hba-QZ and Hba-GN) from the Upper 
Allocthon rocks of Bremangerlandet (depositional basement to the Hornelen) are included, 
adding to the existing dataset of potential source rock ages (See Appendix IV).
Methods
 Samples varying between 1-2 kg of coarse- to fine-grained sandstone/siltstone were 
crushed, sieved into size fractions < 315µm and  315-500µm, then subjected to typical mineral 
separation procedures. Micas were hand-picked from all size fractions where possible.  
Muscovites and standards were irradiated either at the Cd-lined in-core facility at the U.S. 
Geological Survey (USGS) TRIGA reactor in Denver, CO. 40Ar/39Ar ages were obtained using 
single-step CO2 laser fusion at the Lamont-Doherty Earth Observatory (LDEO) argon 
geochronology lab (AGES: Argon Geochronology for the Earth Sciences).  J-values were 
determined using the co-irradiated MMhb-1 hornblende standard (525 Ma, Samson and 
Alexander, 1987).  Data-quality filtering was based on: 39Ar signal >0.002 mol; 38Ar/39Ar and 
37Ar/39Ar ratios were used as proxies for Ca and Cl content (thus indicating chloritization or 
bitotite intergrowths). Three samples from C.Warren were irradiated at McMaster University 
reactor and analyzed at Open University and were subjected to the same data-quality criteria.
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Results
 342 mica grains from twenty seven samples (representing all stratigraphic levels and 
geographic positions within Hornelen basin) yielded reliable age determinations; ages range 
from 368-1254 Ma with only 14 ages (4%) older than 500 Ma, and a full 87% of ages younger
than 450 Ma.  A kernel density estimate plot (KDE, Figure 2.7), employing the adaptive 
bandwidth filter (based on analytical uncertainty and local data density, Vermeesch, 2012), yields 
83
a single population of ages centered at 414 Ma, with a tail of older ages trailing off toward 500 
Ma; this compares closely with a standard probability density curve (based solely on the 
analytical uncertainty for each measurement).  Two subordinate populations are resolved by the 
KDE plot at ~423 and ~443 Ma.  The overall age probability is skewed toward the youngest 
ages, with a tail of older ages that appears to include a handful of grains that record ages related 
to pre-Caledonian thermal events (> 500 Ma).  This distribution is typical for intramontane 
basins in tectonically active orogenic settings, and suggestive of high uplift and erosion rates
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Figure 2.7  Age distribution spectrum for all Hornelen detrital mica Ar/Ar ages, excluding seven ages >700 Ma.  
Histogram bin width is 5 m.y.
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during basin opening (Stuart, 2002).  A single age of 368 Ma is considered to be an outlier (and 
not included in any further discussion), as the depositional age of the basin is assumed to be 
~385 Ma (a chronology that is supported by all the remaining detrital ages).  The subset of 14 
ages > 500 Ma is assumed to represent isolated exposures of pre-Caledonian rocks and not 
considered further in the analyses, which are aimed at elucidating a trend in the Caledonian-aged 
tectonostratigraphy.
 Samples are grouped here for analysis according to two different schemes (different 
combinations of the same data); results from individual samples (1-27 grains per sample, most 
samples ~12-15 grains) are presented in Appendix B.  The first grouping (Figure 2.8) follows 
spatial patterns within the basin corresponding to the northern, axial and southern depositional
systems (although all samples comprise alluvial sands, marginal deposits are considered likely to 
show stronger influence from fine grained material brought into the basin via the northern and
southern marginal fans systems).  Detrital zircon data from Chapter 1 were used to identify 
samples Hcg-32, Hcg-70, and Hcg-34 (by geographic association) as having a provenance 
affinity with other samples from along the northern margin (rather than with axial samples, with 
which they could have been included based purely on location). The northern (n=128) group of 
samples displays age distribution skewed toward the youngest ages (peak ca. 408 Ma) with a tail 
of older ages, including a 435-460 Ma population that is poorly represented in the axial and 
southern groups.   The axial group (n=111) comprises  the same overall range of ages as the 
northern and southern groups, with a more symmetrical Gaussian distribution around the 
probability peak at 416 Ma. The probability distribution of the southern group (n=88) is again 
skewed slightly toward the younger ages, though the dominant age is 414 Ma, older than the 
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northern group.  The average ages for northern and southern groups (422 and 425 Ma, 
respectively) are slightly older than the average of the axial samples (419 Ma), and weighted 
averages (factoring in analytical uncertainty) exacerbate this trend.  The axial samples appear to 
contain an age population that is more focused around the median, and which shows a much 
smaller influence of the ‘older tail’ of ages (> 435 Ma) seen particularly in the northern margin 
samples. This older population skews the average and weighted average age of northern samples 
toward 425-430 Ma, which is  ~10 m.y. older than the averages for the axial or southern samples. 
Figure 2.8  Grouping of the samples into northern, southern and axial groups (according to the major depositional 
systems within the basin).  Although no consistent pattern emerges, the northern group contains both the youngest 
overall mica ages, as well as the youngest age-probability peak.  This peak is tightly focused at 408 Ma, but 
countered by an older population of ages 435-460 Ma that is far less prevalent in axial and southern samples.  
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Excluding this older population from the average calculations results in an average for the 
northern samples of 413 Ma, slightly younger than the averages of axial and southern samples 
(415 Ma and 417 Ma, respectively).
 A second set of groupings organizes the sample set into four approximately equivalent 
chronostratigraphic levels (Figure 2.9).  The B-transect (n=66), representing the oldest 
stratigraphic levels, contains a focused age peak at 416 Ma, with a tail of older ages, and no ages 
younger than 408 Ma.  Moving eastward (up-section), the KDE plots of younger 
chronostratigraphic groups display the same general shape, shifted toward younger ages.  The 
peak for the D-E-transect (n=95) is at 406 Ma;  F-G (n=79) at 414 Ma; and transect H-I-J (n=87) 
Figure 2.9  Chronostratigraphic grouping of samples, including all data. D-E series samples are statistically younger 
than a simple linear younging-upward trend predicts.  
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at 409 Ma. Overall, the linear fit to the age-peak trend is poor, with r2 = 0.10.  The average age 
(excluding pre-Caledonian outliers > 500 Ma) decreases more steadily up-section, from 429 Ma 
in the B samples, to 418 Ma in the H-I-J samples, with r2 = 0.66.  The weighted average statistic 
yields a similar bottom-to-top trend, though with a poor linear fit with r2 = 0.50.  The age minima 
shows an overall younging up-section trend (408 to 392 Ma), and a linear fit to this trend yields 
r2 = 0.67.  
 Amongst different combinations of samples, several samples consistently refused to 
conform to the general trend. Samples E3 and E5 prove to be outliers that upset any trends in age 
peak and average age, as they contain a population of 400-410 Ma ages that are either 
overrepresented in these samples, or under-represented in the samples both stratigraphically 
above an below; Hcg-32, Hcg-34 contain a significantly younger population than the B-series 
samples, representing a misfit to the overall trend; and grains from samples Hcg-32, Hcg-34 and 
Hcg-70 have consistently higher total analytical uncertainty than almost all of the rest of the data 
set (thus weighted average statistics including these three samples appear as outliers).  Because 
all of these samples come from the same area of the basin (northwest/north-central), resolving 
any trends across this area is difficult.  
 Since the absolute youngest age is a statistic that reflects only a single age from the 
overall population, and this age is presumed to have provenance in size-restricted areas of rapid 
exhumation (fault zones), it is not surprising that the age minima does not conform as well to the 
trend observed in the average age (which reflects more broadly integrated processes of 
exhumation and erosion in the drainage basin). The lack of a clear trend in the dominant age 
peak is more difficult to interpret but may be related to the spatial distribution of samples within 
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 Figure 2.10  Dividing the samples into northern and southern halves, and then grouping each half into 
approximately equal stratigraphic-fourths, elucidates two trends that were hinted at in Figure 2.8 & 2.9.  First is the 
overall younger mica ages along the northern margin; second is the robust younging-upsection trend that is 
discernable in both northern and southern sample sets.  Pie charts show the overall distribution of ages within each 
group, relative to the published mica ages from the main tectonostratigraphic units in Southern Norway.  Here, the 
Lower Allochthon is lumped with the NSDZ because the only published ages of Lower Allochthon rocks come from 
mylonitized samples in the decollement zone or the NSDZ itself.  Overall, the tectonostratigraphic units do not each 
have a unique, characteristic age spectrum, but the data show that lower units have an overall younger distribution of 
mica ages, as would be expected in an orogenic wedge setting.  Sources of published data listed in Figure 2.2.  
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each chronostratigraphic group.  Numerous groupings were tried, with the goal of dividing the 
overall number of analyses evenly amongst all groups, and including samples from northern, 
axial, and southern parts of the basin equally in all groups.  Because some individual samples 
contained larger numbers of small grains (resulting in low signal and bad measurements), it was 
not always possible to equally represent all areas of the basin in each group.  Figure 2.10 depicts 
a strategy of grouping samples that elucidates some of the patterns and variability suggested in 
Figures 2.8 & 2.9.  Splitting the basin into northern and southern halves, and then dividing each 
half into four west-to-east sub-groups allows for the outliers to be lumped together, thus 
illustrating that the overall younging up-section trend is evident in both northern and southern 
samples, and showing that the outliers may in fact represent a real signal of younger mica ages 
being shed into the northern part of the basin at lower-to-mid levels of the stratigraphy. 
Discussion
 The overall range of ages (Figure 2.7) corresponds closely to the age distribution of 
metamorphic mica cooling ages from around Norway; the detrital age peak (414 Ma) and the 
‘older tail’ of ages (430-480 Ma) match very closely to the age distribution of published data 
from the allochthons (age peak at 416 Ma, see Figure 2.2). Based on presumed age of deposition 
(ca. 385 Ma), existing tectonic models, and mica cooling ages from the allochthons and the 
underlying shear zone and WGR basement, the allochthons are considered the most likely 
provenance for Hornelen basin (in agreement with previous work, see Chapter 1). A subset of 
published mica ages obtained from ‘the allochthons’ with ages ~400 Ma are actually dating rocks 
from the basal shear zones, including the NSDZ, and these ages have generally been interpreted 
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as related to extensional shearing or cooling through TC (argon retention) during shearing (and 
thus have been plotted with other shear zone ages in this analysis).   
 A tail of older ages from 435-480 Ma in the detrital ages reflects mica cooling ages 
obtained from Upper Allochthon samples in central and northern Norway, and although no mica 
ages this old have been recorded in southern Norway, I interpret these detrital ages as evidence 
that Caledonian rocks of this age did exist in the Hornelen drainage basin in the Devonian, and 
have since been entirely removed by erosion.  The small handful of older ages (>500 Ma) 
represent isolated exposures of pre-Caledonian crustal rocks, possibly distal sources in the 
foreland (assuming that Hornelen’s axial river system entered the basin from the east and had a 
much larger catchment).  These ages appear in samples from all stratigraphic levels and positions 
within the basin, so it is impossible to draw any connections between these anomalously old ages 
and a potential provenance in UHP metamorphic terranes (from which micas have yielded 
equivalently old ages, Warren et al., 2013).  On the other end of the age spectrum, the youngest 
ages range down to 392 Ma, and 4% of all ages are younger than 400 Ma.  This population can 
be confidently correlated to a provenance in lower levels of the Caledonian tectonostratigraphy, 
i.e., the Western Gneiss Region and/or the NSDZ shear zone mylonites.  All of these youngest 
ages fall between 392 and 400 Ma, making a distinction between provenance in the WGR and 
the NSDZ difficult to distinguish.  Microprobe analyses of the Si-content of detrital micas from 
the upper levels of the basin may provide evidence for, or against, a provenance in HP 
metamorphic rocks of the WGR.
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Spatial and/or temporal changes in provenance?
 Several significant observations emerge from the various groupings presented in Figures 
2.8, 2.9, & 2.10.  First, a younging-upward trend is apparent in both the purely 
chronostratigraphic groups (Figure 2.9) and the chrono-spatial grouping (Figure 10); at its 
simplest, this trend supports the supradetachment model, which predicts a progressive unroofing 
of deeper tectonostratigraphic levels through time (Figure 2.11). The oldest sediments (B-
transect) can be confidently assigned a provenance in the allochthons (youngest age = 408 Ma, 
with a peak at 416 Ma and average of 429 Ma); the youngest recorded ages in the upper 
stratigraphic group (H-I-J transect) ranges down to 392 Ma (and includes a robust population of 
9 grains with ages 392-400 Ma. These youngest ages favor a provenance in the NSDZ and upper 
(eastern) levels of the WGR.  Although other workers may debate this particular conclusion, 
what is very certain is that the detrital mica document an up-section change in provenance, 
representing the progressive exposure of deeper levels of the orogen.  These data support an 
early conclusion made by Sherlock (2001) that intramontane Devono-Carboniferous basins in the 
Caledonides stored first-cycle orogenic detritus until the Permo-Triassic, when said basins were 
uplifted and deeply eroded, shedding recycled sediment into offshore basins. 
  Secondly, a subset of samples in the central/northwestern part of the basin do not fit this 
trend (Figure 2.10), and probably represent structural/tectonostratigraphic complexity on the 
ancient northern margin of Hornelen. By grouping these five samples together (Hcg-32, -34, -70, 
Horn-E3 & -E5), the emergence of a significantly younger source terrane along the northern 
margin at an early stage in the basin’s formation becomes evident.  Together, these five samples
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Figure 2.11  Schematic interpretation of the detrital mica data based on Mode I/Mode II extensional 
supradetachment basin model of Fossen (1992), assuming an initially unperturbed geotherm of 25ºC/km. Initiation 
of Mode II brittle faulting marks the opening of the Hornelen basin at 400 Ma. 
have an age peak of  404 Ma, average of 420 Ma (weighted avg. 412 Ma), and youngest age of 
397 Ma; these statistics all compare more closely with samples from the uppermost, eastern 
reaches of the basin (both north and south), and preclude a simple layer-cake mica-age 
stratigraphy as shown in Figure 2.11.  The modern arrangement of Ar-mica chrontours (Figure 
2.2) can be considered as an example of how upper-crustal structures can result in a complex 
distribution of Ar-mica ages at the surface; localized upper crustal reverse faulting (as is 
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commonly observed along restraining bends of major strike-slip faults) could result in pop-up 
structures that exhume isolated blocks of deeper material rapidly to the surface.  
  Third, the northern and southern margins document some distinctly different provenance 
characteristics and dynamics, such as: a) the influence of a population of 435-460 Ma ages along 
the northern margin, from Horn-B5 in the west to the uppermost samples (Horn-J1, Hcg-72, 
Hcg-75) in the east, which is poorly represented in the south; b) a steeper slope to the younging-
upward trend in the north than the south, potentially representing more rapid uplift and 
exhumation on the northern margin; c) a larger population of <400 Ma ages in the NE, including 
the four absolute youngest ages from the entire basin, documenting the exposure of the deepest 
and youngest tectonostratigraphic units on the northern margin.  The 435-460 Ma population is 
correlated to Upper Allochthon cooling ages from northern Norway, as well as several ages 
obtained from the footwall to the Kvamshesten Devonian basin, 25 km to the south of Hornelen. 
The detrital zircon data from Chapter 1, and Cuthbert’s (1991) clast provenance data both 
provide strong evidence of the importance of an Upper Allochthon source on the northern margin 
throughout the life of the basin; the mica age data support this conclusion and suggest that lower 
levels of the tectonostratigraphy also made a significant contribution to the basin infill, as ages 
400-420 Ma are dominant in all basin strata except sample Horn-B5.  Interpreting a greater 
relative uplift rate of the northern margin relative to the south based on the upsection slope of the 
linear trends is tenuous, since the slope on of the northern margin trend is strongly affected by 
sample Horn-B5 (n=14).  However, comparing the upper-most (eastern) samples from both 
northern and southern margins, the conclusion that the northern margin experienced greater 
amounts of exhumation is supported by the larger population of <400 Ma ages in the north.  
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These N-S variations in detrital age spectra reflect the asymmetry observed in other provenance 
datasets, and point to a more dynamic source region in the north, with structural complexity and 
a more actively uplifting hinterland.   This observation suggests that already in the Devonian, the 
N-S crustal-scale folding that resulted in greater levels of UHP exhumation to the north of 
Hornelen was already ongoing.
Constraining age of deposition and uplift rates
 Chronostratigraphic groups can also be used to constrain the depositional age and from 
there, an uplift/erosion rate of the hinterland can be calculated (Stuart, 2002; see Figures 2.1 and 
2.11).  Because the age of deposition for the Hornelen sediments is only loosely constrained by 
fossil evidence, we have to make at least one assumption to address the question of erosion and 
uplift rates.  This analysis must assume that uplift/erosion rates do not vary significantly in space 
or time, and since I have just shown that along the northern margin this assumption is probably 
false due to five samples that do not fit the overall upsection trend, here I consider only the 
oldest (B-series) and youngest (H-I-J series) samples from the bottom and top of the basin, and 
assume that complexities in the middle strata are averaged out in the statistical analysis.  Given a 
constant rate of uplift and erosion, the difference between the top and the bottom of the 
stratigraphic section can be used to infer the timing and lifespan of the basin.  Average age 
ranges 429.3 - 417.5 Ma (11.8 m.y. difference) up-section; weighted average age ranges 427.3 - 
412.2 Ma (15.1 m.y. difference); and youngest age ranges 407.8 - 391.9 Ma (15.9 m.y. 
difference).  These statistical variables (average age, weighted average, and youngest age) 
display the best linear fit to the up-section trend (compared to age probability peak) and are 
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therefore best suited for inferring the lifespan of the basin (assuming a near-constant rate of 
sedimentation).  Another approach is to use the youngest statistically significant population of 
grains that overlap within 1-sigma uncertainty (see discussion in Gehrels and Dickinson, 2009). 
The youngest age in the B-samples is 407.8 Ma; a population of 4 grains that overlap within 1-
sigma error has a mean of 409 Ma, and this population provides a more robust constraint for the 
depositional age of basin opening. Likewise, the H-I-J samples contain a statistically robust 
population of young ages: the nine youngest grains that overlap within 1-sigma have a mean of 
395.8 Ma (a difference of 13.2 m.y. from the B samples’ youngest population).  Overall, these 
variables suggest a minimum lifespan for the basin  of 11.8 m.y., and more likely in the 13-16 
m.y. range. 
 To determine the absolute age of deposition, the youngest age statistic and the dominant 
age peak are more useful, but must be considered with respect to the inferred lag time, or the 
difference between the time of closure to argon diffusion (at a depth of 8-10 km) and the time of 
deposition; effectively the time required for the rock to be exhumed from depth to the surface, as 
erosion and deposition would be geologically instantaneous for an intramontane basin like the 
Hornelen (see Figure 2.1). The youngest ages are most likely sourced in restricted areas like fault 
zones, with extremely high rates of exhumation that are not necessarily representative of the 
entire drainage basin. For these young ages, we can assume a lag time of 0-5 m.y.  The dominant 
age peak, on the other hand, reflects the most commonly exposed age of micas in the source 
terranes, and can be interpreted in terms of more generally applicable lag times of 5-10 m.y. 
(analagous to other active orogenic settings, see Sherlock, 2001).  The youngest age statistic 
points suggests basin opening between 403-410 Ma, with the uppermost strata deposited between 
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387-395 Ma. The dominant age statistic suggests a similar time frame for basin opening, but an 
older age for the upper strata of 404-399 Ma (summary in Table 2.2), which would then require a 
much shorter lifespan for the entire basin, as short as <6 m.y., in disagreement with the 
discussion above. 
chronostratigraphic level







B series youngest single age 407.8±1.9 0-5 m.y. 403-408 Ma
B series youngest population mean (n) 409 (4) 0-5 m.y. 404-409 Ma
B series samples: dominant age peak 416 5-10 m.y. 406-411 Ma
H-I-J youngest single age 391.9 0-5 m.y. 387-392 Ma
H-I-J youngest population mean (n) 395.8 (9) 0-5 m.y. 391-396 Ma
H-I-J samples: dominant age peak 409 5-10 m.y. 399-404 Ma
Table 2.2  Youngest age population here defined as the group of ages that overlap within 1-sigma uncertainty.
 Basin opening as early as 410 Ma is unlikely for several reasons.  For one, Scandian 
collision was still ongoing (though not impossible, as shown by syn-contractional extension in 
collisional orogens such as Tibet), and geochronological constraints on extensional mylonites of 
the NSDZ document extension only as early as 402-404 Ma (Fossen and Dunlap, 1998).  
Secondly, paleontological evidence in the upper basin favors a Middle Devonian (Givetian) age 
for these strata, which would then require that the basin fill slowly over 25 m.y.  The detrital 
mica age data fit the independent chronological constraints best when using the youngest single 
age, combined with an inferred lag time of 5 m.y., to constrain the absolute timing of the basin to 
403 -387 Ma; this chronology also fits the basin lifespan as calculated above using the average 
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age statistics (14-16 m.y.).  Other workers have assumed a shorter lifetime for the Hornelen basin 
(i.e., Cuthbert, 1991); allowing that uplift/erosion rates may vary (specifically, they may 
increase, see White et al., 2000) during the life of the basin (our first assumption), the basin may 
have a shorter lifespan than the ~16 m.y. that I assign it.  If, for example, a steady-state erosion 
and uplift rate were reached during the collisional phase of the orogen, and then basin opening 
accompanied by a shift to extensional collapse tectonics were to dramatically increase erosion 
and exhumation, then the lag time for micas in the oldest strata would be longer than lag times 
for strata in the middle and upper layers of the basin.  This would result in an over-estimate of 
the actual lifetime of the basin by several million years.
 Such an interpretation may in fact be supported by the data.  An example of such a 
scenario: supposing an uplift/erosion steady state is reached during the Scandian orogeny, such 
that average uplift rates of 1 mm/yr have exhumed metamorphic terranes with mica cooling ages 
of 416 Ma to the surface in 10 m.y. (ca. 406 Ma).  Brittle strike-slip faulting during the late 
stages of the orogeny (406 Ma) drives a local increase in uplift and erosion rates at the same time 
that this faulting opens up sedimentary basins, which initially fill up with sediments from the 416 
Ma terrane (these sediments have a 10 m.y. lag time).  Due to the enhanced uplift and erosion 
driven by active strike-slip faulting, lag time for successive stratigraphic layers quickly decreases 
(from 10 m.y. to < 5 m.y.).  Assuming a 16 m.y. lifetime for the basin (as discussed above), and 
that our four chronostratigraphic groups divide the strata into approximately equal time-sections, 
the D-E series samples would then have an average depositional age of 402 Ma, by which time 
the dominant detrital mica population in the basin has shifted from 416 Ma down to ca. 406 Ma 
(Figure 2.9), reflecting the onset of more rapid uplift and erosion and lag times < 5 m.y. The 
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youngest population of ages in the  D-E series samples (ages which overlap within 1-sigma 
uncertainty, n=21 reflects the relatively poor analytical precision among these samples and a 
correspondingly large range in 1-sigma uncertainty) has a mean of 402 Ma.  Although such a 
scenario accurately describes the shift in age distributions between the B-series and the D-E 
series in Figure 2.9, additional complexity is required to further explain the up-section trend, as 
the age statistics from the F-G series are shifted back toward older ages relative to the adjacent 
D-E series, more similar to the B-samples.  Considering the idea that local pop-up structures 
along a restraining bend of a strike-slip fault could have exhumed an isolated crustal block that 
was the source for the anomalously younger ages in the D-E series of samples, it is possible that 
such a block only provided a short-lived pulse of younger material into the basin.
 
Conclusions
 Having drifted entirely into the world of hypotheticals, I return to the robust trends in the 
data that can be confidently interpreted.  These are: 1) a younging trend up section, evident in 
average age, youngest age, and less so in the dominant age peak statistic; and 2) an observed N-S 
asymmetry, with an overall younger population along the northern margin and evidence for a 
more active, dynamically uplifting source region on that margin.  The asymmetry in mica age 
populations can be added to the list of observations that support a strike-slip tectonic setting for 
Hornelen.  However, the up-section younging trend equally well supports the supradetachment 
model.  Several lines of detrital zircon U/Pb and REE evidence have been tentatively interpreted 
to reflect a WGR source for some of the sediments in Hornelen (Fonneland, 2002; Pedersen, 
2011; Templeton, Chapter 1); detrital mica ages as young as 391 Ma support this interpretation.  
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At the very least, such young ages require that NSDZ shear zone rocks were exhumed to the 
surface during the Hornelen basin opening, and document the progressive unroofing of deeper 
tectonostratigraphic levels through the lifetime of the basin as predicted by the supradetachment 
model.  Considering the evidence in favor of both models, it is apparent that neither (simplistic) 
model can adequately explain the growing body of observations.  I suggest a model in which 
Devonian extensional deformation is partitioned between the brittle upper- and ductile lower-
crust, the boundary between which is defined by a west-dipping, mid-crustal mylonitic shear 
zone (NSDZ).  The shear zone allows distinct strain regimes to have existed in the Devonian, and 
to now be juxtaposed at the surface today: the rise of the UHP WGR in the lower crust, 
accompanied by both coaxial shortening and non-coaxial shear on the NSDZ with a mainly 
uniform top-to-the-west sense of shear (and driven by some combination of buoyancy forces and 
tectonic reversal); and in the upper crust, a transtensional deformation regime related to sinistral 
mega-shear along the Baltican margin, anti-clockwise rotation of Baltica as a whole, as well as 
brittle deformation and upper-plate block-rotation subsidiary to the overall sinistral transform 
motion.  Hornelen basin would thus have opened along a complex of oblique dextral-slip faults 
that all sole into this ductile detachment zone. 
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Chapter 3
Trace elemental analysis of single-grain 
detrital zircons from the Hornelen basin, Norway
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Introduction
 U/Pb dating of detrital zircons is the most commonly applied tool in modern provenance 
studies. Laser ablation internally coupled mass spectrometry (LA-ICPMS) techniques are 
inexpensive and efficient, and afford a precision typically with <1-2% uncertainty at the 2-sigma 
level, sufficient for answering many questions of provenance.  Typically detrital zircon U/Pb 
dating is used to evaluate potential source terranes.  Increasingly, LA-ICPMS methodology is 
being applied to the analysis of the U/Pb age of crystalline rocks as well as sediments and 
metasediments, following an approach that relies on larger numbers of relatively imprecise 
analyses rather than highly-precise TIMS (thermal ionization mass spectrometry) dating that is 
orders-of-magnitude more costly in both time and money.  Because LA-ICPMS instrumentation 
is well-suited for measuring trace element isotopes as well as U/Pb age, many workers are taking 
advantage of the opportunity to collect a breadth of isotopic data from single-grain zircon 
analyses. In some laboratories, these data can be collected simultaneously to the U/Pb data 
(Kylander-Clark et al., 2013) on two mass spectrometers and a split stream of ablated material 
from a single sample.  
 One approach is to measure U,Th, Pb and Hf isotopes, thus double-dating individual 
detrital zircons and providing constraints of both crustal residence time (i.e., Hf model age) and 
U/Pb age of crystallization (e.g. Slama et al., 2011; Beyer et al., 2010).  However, isotopic data 
from zircon can provide more than just geochronological data (Hoskin and Schaltegger, 2003): 
the field of petrochronology concerns the combination of petrological and isotopic data with 
geochronology.  Kylander-Clark et al. (2013) review advances in this field (including zircon, 
monazite, titanite and rutile) and discuss applications of Ti, Eu, Th/U, and heavy rare earth 
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element (HREE) analyses of single-grain zircons (among other applications). Titanium-in-zircon 
can be used as a quantitative crystallization thermometer; Th/U ratio is a qualitative indicator of 
metamorphic vs. igneous zircon growth. Significantly for studies involving high pressure 
metamorphic rocks, Rubatto (2002) showed that metamorphic zircon grown in the presence of 
garnet is depleted in HREE’s, as these elements are partitioned into garnet preferentially over 
zircon. The presence/magnitude of the Eu-anomaly (Eu*) is indicative of zircon grown in the 
presence of plagioclase feldspar (Kylander-Clark et al., 2013); Belasouva et al. (2002) showed 
that the Ce-anomaly (Ce/Ce*) vs. Eu-anomaly (Eu/Eu*) (as well as other trace element 
characteristics) can be an indicator of zircon provenance.  As the field of petrochronology 
expands its application in crystalline basement terranes (e.g. Gordon et al., 2013), the 
opportunities to employ petrochronology on detrital samples (and interpret them in relation to 
crystalline source terranes) expands as well (e.g., Beyer et al., 2012).  
 Recent studies have disagreed on the inherent usefulness of trace element composition in 
zircon as an independent, absolute indicator of provenance (Hoskin and Schaltegger, 2003; 
Belasouva et al., 2002; Hoskin and Ireland, 2000); however, the addition of trace element data to 
U/Pb age data for detrital samples may provide an additional test in favor of, or to the exclusion 
of, hypotheses about specific source terranes. Belasouva et al. (2002) identified a number of 
characteristic trace element values and ratios that became the basis for a classification and 
regression identification tree (CART tree), which they advocate as a method for determining the 
source rock type and crystallization environment for igneous zircons. Overall, trace element 
concentrations are observed to increase from ultramafic through mafic to granitic rocks 
(corresponding to the distribution of incompatible trace elements between the mantle and crust).  
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A positive slope in REE concentrations is typical of most igneous zircon; this slope can be 
approximated by the Yb/Sm ratio which ranges from 3 to 30 in mantle-derived rocks (relatively 
flat REE profiles) to >100 in pegmatites (strong HREE enrichment, Belasouva et al., 2002). 
However, Hoskin and Ireland (2000) analyzed zircons from a  suite of igneous and metamorphic 
rocks including ultramafic through granitic intrusives, and found significant intrasample 
variability that in most cases was larger than the variability between samples, thus leading them 
to conclude that REE abundances would not, on their own, yield useful information on zircon 
provenance.  The exception in their study was that zircons with mantle affinity which showed 
overall lower REE abundances and flatter chondrite-normalized abundance spectra.    
 Detrital zircons from the Hornelen basin, Norway, show a range of ages consistent with 
provenance in the Upper, Middle and Lower allochthons; however, the possibility that the ultra-
high pressure (UHP) Western Gneiss Region (WGR) was exposed to the surface during basin 
formation and filling remains an open question that has significant implications for the 
geodynamics and structural geology of orogenic collapse and UHP exhumation from depths 
>120km. Three zircon populations have been identified from the literature as potentially 
diagnostic of a WGR source for Hornelen sediments.  First, metamorphic zircons separated from 
UHP eclogites in the WGR yield ages 400-425 Ma (Root et al., 2004; Hacker et al., 2010) and 
confirm previous Sm-Nd constraints on the timing of prograde UHP metamorphism (Griffin and 
Brueckner, 1980).  Second, late Caledonian (Scandian) pegmatite intrusions in the WGR and 
parts of the Middle Allochthon are dated at 390-430 Ma (e.g., Tucker et al., 2004; Krogh in 
Robinson et al., 2008; Gordon et al., 2013).  Beyer et al. (2012) found detrital zircons with these 
ages from two modern river drainages in the WGR, supporting the possibility that such 
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pegmatites (though volumetrically minor) could be an identifiable source of detrital zircons.  And 
third, Beyer et al. (2012) documented Archean zircons from a modern river system in the 
Western Gneiss Region draining an exposed mantle peridotite (the Almklovdalen body).  They 
used  trace element analyses to conclude that these Archean zircons could be traced to that 
peridotite, thus linking the peridotite to lithospheric mantle of Laurentian, not Baltican, affinity 
(as the oldest crustal rocks in southern Norway are Paleoproterozoic).  Archean lithosphere is 
only known from far northern Baltica (Fennoscandian shield, > 1000 km distant) and zircons 
with such ages are not expected to be present in any of the allochthonous source terranes for 
Hornelen.  Yet, Archean ages are apparently present in isolated peridotite bodies within the 
WGR.
 Each of these potentially diagnostic zircon populations are expected to be minor 
constituents of the overall detrital zircon budget. The Archean ages are easily identified, however 
the Scandian aged zircons (390-430 Ma) of potential metamorphic (eclogitic) or pegmatitic 
provenance are only slightly younger than known ages of Caledonian plutonism in the Upper 
Allochthon (431-494 Ma). The LA-ICPMS method of zircon dating does not permit a high 
degree of confidence in distinguishing age populations at this resolution within 2-sigma 
uncertainty.  Furthermore, we cannot rule out the possibility of more widespread, and younger 
(<431 Ma), igneous intrusions exposed during the Devonian that have been completely removed 
by erosion today. Multiple lines of evidence suggest a dominant input of detritus derived from 
the Upper Allochthon, particularly into the northern margin of Hornelen basin (e.g. Cuthbert 
2000; and see Chapter 1); this detritus can be identified partly based on the abundance of 
Caledonian aged (Paleozoic) zircons, derived from voluminous calc-alkaline plutonism 
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associated with Upper Allochthon island-arc related assemblages (and supported by the 
abundance of gabbro and granodiorite clasts along the northern margin).
 A petrochronological approach is applied here to provide additional constraints on the 
provenance Hornelen zircons.  I attempt to use Th/U ratios and trace element analyses of 
Scandian-aged (430-390 Ma) detrital zircons from Hornelen to link this population of the 
youngest U/Pb ages to a source in either: (1) the Upper Allochthon (island arc granitoid intrusive 
similar to Bremangerlandet plutons), (2) the (ultra)high pressure eclogite metamorphic terrane of 
the WGR, or  (3) late Scandian pegmatite intrusions in the WGR.  Additionally, a handful of 
Archean and Paleoproterozoic zircons are analyzed for REE’s.  Zircons of mantle provenance 
show distinct REE patterns (Belasouva et al., 2002; Hoskin and Ireland, 2000); if Archean 
detrital zircons from the Hornelen basin contain trace element abundances suggestive of mantle 
provenance, this would indicate a WGR-hosted, Laurentian-mantle-peridotite source.
Samples and Methods 
 Samples were collected and processed using the standard mineral separation techniques 
described in Chapter 1; the sample locations are found in Figure 3.1.  Zircons were poured onto 
double-sided tape and mounted in epoxy at the University of Arizona, then sectioned and 
polished to reveal grain cores. CL images were used during laser spot analysis to select relatively 
homogenous, inclusion-free regions of the crystals for ablation.  
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Figure 3.1  Map of the Hornelen basin, with sample locations for analyzed detrital and basement zircons in this 
study, and ages for Bremangerlandet plutons from Hansen et al. 2002.  Samples represent lowest, middle and upper 
stratigraphic levels from west to east.  Most Scandian-aged zircons were collected from Hcg-70.  
  Zircons with ages < ~ 430 Ma, as well as ages > ~2100 Ma, were selected for trace 
element analysis. Four zircons were selected because of their anomalously low Th/U ratio 
(indicative of probable metamorphic crystallization). Detrital zircon U/Pb ages were obtained at 
the University of Arizona LaserChron laboratory and are presented in Chapter 1; Th and U 
concentrations were measured at this time and used to normalize trace elemental analyses 
performed later on the same grains.  A total of forty three detrital zircons were analyzed for trace 
elements. Three samples of zircons (five grains) from the Upper Allocthon on Bremangerlandet 
were also analyzed for trace element composition to provide a concrete comparison for the 
Caledonian aged detrital grains.  These samples include the Bremanger granodiorite (443 ± 4 
Ma), the Gåsoy gabbro (440 ± 5 Ma) (Hansen et al., 2002), and an undated medium-grade biotite 
gneiss, with presumed Baltican affinity (and likely zircon age of 1.0-1.6 Ga).
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 Trace element analyses on zircons were performed at the Lamont-Doherty Earth 
Observatory of Columbia University using an ESI/New Wave UP193-FX laser ablation system 
coupled to a VG PQ ExCell quadrupole ICP-MS. Samples were ablated in a He–Ar mixture at a 
flow rate of 0.6 mL/min for Ar and 1.6 mL/min for He. During analysis, the laser was operated in 
spot-drill mode at 10 Hz and at 70 % power, for an average energy density of 11.3 J/cm2 and 
irradiance of 2.26 GW/cm2. The dwell time for all elements was 10 ms. Spot sizes were adjusted 
using the iris and varied between 20 and 25 um.  The laser data were acquired in time- resolved 
mode and calibrated against glasses NIST 610 and NIST 612, with  U as the normalization 
standard for detrital samples (calibrated against measured U concentration from U of AZ 
LaserChron analyses, see Chapter 1 and Appendix II); Bremangerlandet samples were 
normalized against 96Zr.
Results 
 Th/U ratios for all detrital zircons analyzed at the University of Arizona LaserChron lab 
(Appendix V, Figure 3.2) show a dominantly igneous signature.  Only three grains with a 
Caledonian and/or Scandian age (< 500 Ma/< 430 Ma) yield a Th/U ratio suggestive of 
metamorphic provenance (0.01-0.06).  Two of these grains were analyzed for trace elements, 
along with two Sveconorwegian-aged zircons (~1050 Ma) with similarly low Th/U ratios 
(0.03-0.07).  None of these four grains yielded a depleted HREE signature which would suggest 
high pressure metamorphic provenance.  
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 REE data obtained on forty three zircons are presented in Figure 3.3 (normalized to 
chondritic abundances of Sun and McDonough, 1995) and Appendix V.  Zircons with youngest 
Caledonian ages (mainly Scandian, <430 Ma) are shown in Figure 3.3a; a significant variability  
is observed for the LREEs (more than 4 orders of magnitude) as well as the HREEs
(~1 order of magnitude). For most grains, the typical positive slope in both LREEs and HREEs is 
observed, however one grain (with an age of 419.8 Ma) displays a negative LREE slope (unusual 
for zircon and with unknown significance for provenance). Ce anomalies, expected to be positive 
in zircon because of the favored Ce4+ subsitution for Zr, show a range of values that can be 
observed qualitatively in the ‘spider plots’ of Figure 3.3. These actual values vary over two 
orders of magnitude (Figure 3.4) and are discussed further below. Eu anomalies show a typical 
range of negative values.  
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 In order to evaluate the conclusion that the Upper Allocthon intrusives were the primary 
source of Scandian-aged zircons, trace element data zircons from two granitoid bodies on 
Bremangerlandet are presented in Figure 3.3b, and compared to the range of trace element 
abundances from all analyzed Scandian detrital zircons. Trace element data for Paleoproterozoic/
Archean aged detrital zircons are presented in Figure 3.3c; overall, these data show lower 
abundances of the REEs when compared to the younger Caledonian/Scandian grains (3.3d).  
Four detrital zircons with distinctly metamorphic Th/U ratios are are presented in Figure 3.3e; 
despite Th/U ratios indicative of metamorphic provenance, a depleted HREE signature is not 
observed, and the overall characteristics of REEs in these samples does not differ significantly 
from other grains analyzed in this study. 
 Belasouva et al. (2002) showed that trace elemental abundance ratios can be indicative, if 
not diagnostic, of the provenance of igneous zircons. Plots of several of the ratios used by 
Belasouva et al. (2002) for their CART classification scheme are shown in Figure 3.4.  The Yb/
Sm ratio reflects the slope of the HREE enrichment trend (steeper in granitic rocks than mantle-
derived rocks, for example); the U concentration is generally higher in crustal rocks such as 
granites; Ce (positive) and Eu (negative) anomalies, denoted by Ce*/Ce and Eu*/Eu, have a 
range of values that correlate with igneous provenance as well.  Y concentration, [Y], is an 
indicator of overall REE abundance and is plotted against these other values in Belasouva et al.’s 
(2002) provenance study to illustrate predictive relationships for the categories of igneous 
zircons that they analyzed. Figure 3.4 shows fields for mantle derived zircons (kimberlite and 
lamproite), common crustal zircons (granitoids and mafic rocks/basalts), and highly 
differentiated crustal rocks (syenite, pegmatite, nepheline syenite). Although not measured 
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directly in this study, I have approximated [Y] using the abundances of Dy, Ho, and Er, which 
bracket Y on a plot of increasing ionic size (Y falls between Dy and Ho) versus chondrite-
normalized abundance, and show a fairly constant slope and overall similar abundances among 
the four (Belasouva et al., 2002).  Specifically, [Y] was calculated using a linear regression to 
determine the best-fit slope between from Dy to Er, and approximating the [Y] along that line. 
Although an approximation, the ratio plots are log-log plots and expected uncertainty for this 
approximation is less than a factor of two, making little difference in the interpretation of these 
figures. 
Figure 3.4  Trace element ratio plots after Belasouva et al. (2002).  Shown in colored shading are the predictive 
fields for each plot based on the suite of igneous zircons analyzed in Belasouva et al., 2002.  Data points from this 
study include both detrital grains and igneous/metamorphic basement samples from Bremangerlandet.
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Discussion
Upper Allochthon granitoid source for most Scandian detrital zircons
 The simple and obvious source of any Paleozoic detrital zircons found in the Hornelen 
basin would be Upper Allochthon island-arc granitoids, such as those found immediately 
underlying the Devonian sediments on Bremangerlandet.  However, a subtle mismatch in the 
detrital age population and the ages of known Upper Allochthon intrusive rocks calls this 
conclusion into question.  What, exactly was the source of the ~ 420 Ma zircons which are so 
abundant in the basin sediments?
  Based on Th/U ratios, Scandian aged detrital zircons from Hornelen have their 
provenance in igneous rocks, with the most obvious candidates for source rocks being found in 
the depositional basement to the Hornelen: the island-arc-related intrusives of the Upper 
Allochthon, found immediately in the depositional basement to Hornelen on Bremangerlandet. 
Similar suites of igneous rocks are also widely distributed around central Norway, and south of 
Bergen along the coast. No exposed Upper Allochthon plutons have been dated to younger than 
431 Ma (see compilation in Bingen and Solli, 2007), and final closure of Iapetus had probably 
taken place by 430-420 Ma at the latest (Roberts, 2003), casting doubt on whether these 
Scandian detrital zircon ages could be derived from latest Iapetan island arc plutonism.  
 Johnston (2006) concluded, in an appendix to his thesis, that all Caledonian detrital ages 
were derived locally from the 443 Ma Bremanger granodiorite, despite reporting some detrital 
zircon ages younger than 400 Ma.  Our much larger detrital zircon dataset (Figure 3.5, and see 
Chapter 1) shows that, even considering the inherent uncertainties in LA-ICPMS dating methods, 
most of the detrital zircon population in the Hornelen is younger than 430 Ma and certainly
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Figure 3.5   Kernel density estimate plots and histograms for a subset of detrital zircon ages from Hornelen basin 
presented in Chapter 1, for which the total dataset comprises n=1785 (including both analyses from U of AZ which 
are analyzed for trace elements and discussed in detail here, as well as zircon analyses done at University of Bergen 
in 2014 and unpublished ages from Johnston, 2006, and Pedersen, 2011).  (a) Caledonian detrital age peak is at 421 
Ma, compared to peaks at 437 and 478 Ma for Baltican magmatic zircons (filled grey curve, Bingen and Solli, 
2007), with most detrital zircons significantly younger than the 440-443 Ma ages of the Bremangerlandet plutons.  
(b) Paleoproterozoic and Archean age population from Hornelen detrital zircons on right; these ages are rare or 
unknown in southern Norway, but at least two distinct populations are present in the Devonian sediments at ~2.0 Ga 
and ~2.7 Ga. Modern river sediments from the Western Gneiss Region (n=453, Beyer et al., 2012) yielded a small 
population (n=20) of similarly old grains (filled grey curve).  The 2.7 Ga population has a match here in the WGR, 
but the 2.0 Ga population in the detrital samples is notably absent from the WGR river sediment data.  
younger than 443 Ma (beyond analytical uncertainties).  Pedersen (2011) reached the same 
conclusion in his thesis; samples from both previous studies are included in our compilation of 
ages in Figure 3.5(a) and compared to the compilation of published ages for igneous zircons 
from all of Baltica (Bingen and Solli, 2007).  
 Baltican igneous zircon ages comprise three populations (Figure 3.5a): two groups of 
granitoid plutons from the Upper Allochthon (~480 Ma and ~440 Ma), and a group of younger 
(Scandian) igneous zircons, mainly from a few studies focusing on late-Scandian pegmatite 
intrusions in the Western Gneiss Region (Tucker et al., 2004; Krogh in Robinson et al., 2008).  
The detrital zircon age population from Hornelen overlaps all three igneous zircon populations, 
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but has its probability peak ~ 420 Ma, in between the 437 Ma (granitoid plutons) and 395 Ma 
(pegmatite dikes) peaks.  This suggests that the dominant source of Hornelen detrital zircons was 
an (Upper Allochthon?) terrane dominated by igneous intrusives of approximately 420 Ma, 
which is no longer exposed at the surface today.  
 Single grain trace element data support this conclusion.  Chondrite-normalized REE 
abundances of the set of Scandian-aged detrital zircons show a wide range -- a range which 
compares closely to the igneous zircons from Bremangerlandet plutons (Figure 3.3b), favoring 
an igneous crustal source for these grains.  Trace element ratio plots (Figure 3.4) also support this 
conclusion: although not diagnostic, many of the Scandian aged detrital zircons (red/blue data 
points) fall within the granodiorite field (pink). Two analyses of zircons from the Bremanger 
granodiorite fall also within the granodiorite field in all plots, confirming the value of these ratio 
plots. 
 
A pegmatite source for the youngest detrital zircons
 However, the presence of a significant population of < 410 Ma detrital zircons suggests 
an additional source for these youngest detrital zircons.  Some of the trace element data points 
for our Scandian-aged detrital zircons fall outside of the granodiorite field (e.g. Ce*/Ce vs. Eu*/
Eu, and Ce*/Ce vs. Y plots, Figure 3.4) and this is attributed to unusually high Ce anomalies in 
these grains -- more typical of syenite and syenite pegmatites.  Syenitic rocks represent highly 
differentiated, Si-poor rocks, such as are common in the Jotun Nappe of central southern
Norway.  I hypothesize that these youngest detrital grains have their provenance in Scandian 
pegmatite/syenite intrusions that are not now exposed in southern Norway, but are likely related 
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to tronjhemite and pegmatite dikes dated in the WGR between 391 and 420 Ma (Tucker et al., 
2004; Krogh in Robinson et al., 2008; Gordon et al., 2013).  These dikes are ascribed to Scandian 
decompression melting of the WGR during its ascent, and may have been extensively exposed 
during tectonic and erosional unroofing of the deeply subducted orogenic core. 
 Gordon et al. (2013) present single grain zircon trace element analyses from a suite of 
anatectic melts related to WGR eclogite pods and Scandian decompression, with zircons dated 
between 395-410 Ma; these data are compared directly to our detrital zircon data in Figure 3.6.  
Assuming that some of the older Scandian aged detrital zircons are related to latest granitoid 
plutonism, only the youngest detrital grains are inlcuded in these plots (those that fall within 1-
sigma uncertainty of the oldest 410 Ma age of the WGR anatectic zircons).  
 Overall, the detrital zircons are enriched in REEs compared to the anatectic zircons of 
Gordon et al., 2013 (e.g., Y concentration as an indicator; however, both data sets show a similar 
range in Ce-anomalies and Yb/Sm ratios (Figure 3.6 a, b, c).  Comparison of spider plots for both 
data sets show significant overlap of REE concentrations for the range of leucosome types 
identified in Gordon et al. (2013), but the pegmatite sample they analyzed is overall more 
depleted in REEs than any of the Hornelen detrital zircons. I interpret these data to support a 
general correlation between the Scandian detrital grains and anatectic zircons from the WGR. 
Significant variation is reported within individual samples from a single leucosome in Gordon et 
al., (2013) and in other studies (i.e. Hoskin and Ireland, 2000), suggesting that REE behavior in 
partial melts and metamorphic conditions is not well constrained and has limited value as a 
predictive tool. Nevertheless, we observe a similar range in Ce-anomalies, Eu-anomalies, and 
Yb/Sm ratios for Scandian detrital zircons and anatectic igneous zircons. The Ce-anomaly in 
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particular is suggestive of a highly differentiated melt-source as discussed above, supporting the 
interpretation that migmatites and pegmatites of the WGR did provide a source of detritus to the 
Hornelen basin in the Devonian.
Figure 3.6  Comparison of a subset of the youngest Scandian-aged detrital zircons from Hornelen (< ~ 410 Ma, 
within 1-sigma) with data on zircons from late-Scandian anatectic melting of the WGR (Gordon et al., 2013), 
inlcuding pegmatites, and a variety of leucosome types.  REE ratio plots after Belasouva et al. (2002).  See text for 
explanation.
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Source of Archean/Paleoproterozoic detrital zircons?
 Archean and Paleoproterozoic grains are plotted in Figure 3.3c and compared to 
Scandian-aged detrital grains (from 3.3a) in 3.3d.  These plots show that overall, zircons >2.0 Ga 
in age are depleted in REEs as compared to the Scandian grains, supporting a mantle provenance 
for these older grains (Belasouva et al., 2002; Hoskin and Ireland, 2000).  Figure 3.5b compares 
the U/Pb ages of Hornelen detrital zircons > 2.0 Ga with zircons of the same age found in 
modern river sediments from a single drainage basin in the Western Gneiss Region, interpreted 
by Beyer et al. (2012) as evidence of Laurentian mantle provenance for the Almklovdalen 
peridotite body (which provided the source for these Archean and Paleoproterozoic grains in the 
modern river sediment). The age populations both show a dominant population at 2.7 Ga, and a 
scatter of ages < 2.6 Ga.  A distinct 2.0 Ga population in the Hornelen sediments is notably 
absent from the Almklovdalen modern river sediment zircons.  In addition to an overall-depleted 
REE trend, the Archean-Paleoproterozoic zircons plot (mostly) within, or near, the kimberlite 
field in Figure 5.  Chondrite-normalized REE data from Hornelen zircons shows significant 
overlap and similar relative abundances to REE data reported b y Beyer et al. (2012) for the 
Archean and Paleoproterozoic zircons derived from the Almklovdalen peridotite drainage 
(Figure 6).  Overall, the trace element data support a mantle provenance for these zircons, and 
the Archean/Paleoproterozoic ages indicate their exotic relationship to southern Baltica.  Based 
on the conclusions of Beyer et al. (2012), these data support a provenance in  WGR-hosted 
peridotites (Almklovdalen or analagous bodies) with Laurentian-mantle affinity.  The only other 
known source of Archean zircons in Norway is found  > 1000 km to the north, in the cratonic 
interior, and was not significantly involved in Caledonian orogenesis.  
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Figure 3.7.  Comparison of chondrite-normalized REE data from Hornelen detrital zircons of Archean and 
Paleoproterozoic age to the range of abundances reported in Beyer et al. (2012) for similar-aged detrital zircons 
collected from a modern river draining the Almklovdalen peridotite body.  
Conclusion
 Two enigmatic sub-populations of detrital zircons from the Hornelen basin (390-430 Ma, 
and >2000 Ma) have no obvious source in the well-known rocks of the southern Norway 
Caledonian allochthons or the Baltican autochthon (WGR).   A petrochronological approach, 
relying on U/Pb zircon ages combined with trace element isotopic data from single grain zircons, 
provides additional provenance information allowing these sub-populations to be confidently 
linked to sources in the Western Gneiss Region, the metamorphic core of the Caledonian orogen 
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-- and the footwall to the Nordfjord-Sogn Detachment Zone.  The trace element data offer no 
evidence of eclogite-facies metamorphic zircons.   Scandian detrital zircons (390-430 Ma) show 
an isotopic affinity with granitoid intrusive rocks similar to those exposed on Bremangerlandet in 
the Hornelen basin depositional basement, but some also show elevated Ce-anomalies indicative 
of more highly differentiated crustal melts.  These zircons are most likely sourced in late 
Scandian pegmatites and decompression-melt-related igneous sources in the Western Gneiss 
Region.  Archean and Paleoproterozoic detrital zircons show isotopic evidence of mantle 
provenance, linking these grains to a probable provenance in exotic mantle peridotites hosted in 
the WGR, such as Almklovdalen.  These peridotites are thought to have been emplaced during 
the Scandian orogeny when Baltica was subducted beneath Laurentia, and fragments of the 
Laurentian mantle were ‘captured’ via ‘sinking emplacement’ (Beyer et al., 2012) by the 
subducted Baltican crust.  Subsequently, the peridotites were exhumed to the surface with the 
WGR, and provided a small, but chronologically and isotopically unique, share of detrital zircons 
into the Hornelen basin.  
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Chapter 4
Apatite and zircon fission-track constraints on the 
post-Devonian uplift and cooling history 
of Hornelen basin, Norway
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Introduction
 The onshore record of post-Caledonian deformation is sparse and difficult to interpret 
based on a lack of post-Devonian sediments, but a growing body of low temperature 
thermochronological and paleomagnetic data has documented the importance of episodic phases 
of tectonism onshore Norway, from the Carboniferous to the Cenozoic.  Multiple phases of 
rifting in the North Sea both overprint and reactivate older structures (Bell et al., 2012), and 
some major onshore structures (both brittle and ductile) are observed to continue offshore and 
exert a controlling influence on large-scale structure of North Sea rifting (e.g., Hardangerfjord 
Shear Zone, Fossen et al., 2014).  In the Nordfjord region of SW Norway, exhumed ultra-high 
pressure rocks and mid-crustal mylonites of the Nordfjord-Sogn Detachment Zone (NSDZ) are 
exposed at the surface, in brittle fault contact with Devonian greenschist-facies clastic sediments 
of the Hornelen basin.  The brittle faults that bound the basin die out (or disappear under the 
fjord) to the east, but project offshore, westward into the Norwegian Sea. The age and tectonic 
significance of these faults is unknown, but they are assumed to be late structures (Torsvik et al., 
1988) and have been interpreted as both dextral and sinistral strike slip faults (Chauvet and 
Seranne, 1988; Torsvik et al., 1998).  We present new low temperature thermochronology 
(apatite and zircon fission-track) data and thermal history modeling which shed light on the post-
Devonian tectonic and thermal evolution of the Hornelen basin.  
Geologic History
 The Scandian orogeny (430-400 Ma) was the final phase of continent-continent collision 
and the climax of the Caledonian orogenic cycle in southern Norway, resulting in deep 
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subduction of Baltican crust to ultra-high pressure (UHP) metamorphic conditions (>120 km 
depths, see Cuthbert et al., 2000).  This phase of collisional deformation, and the immediately 
following phase of rapid (Devonian) extension, crustal thinning, and exhumation of the 
subducted UHP terrane, are well-constrained by extensive U/Pb geochronology of eclogite-facies 
zircons, and moderate-to-high temperature thermochronology including U/Pb monazite and 
titanite, and 40Ar/39Ar hornblende and mica data (e.g., Walsh et al., 2013; Hacker, 2007; Spencer 
et al., 2013; Root et al., 2005; etc).  Erosion has exposed deep metamorphic levels of the 
Scandian orogenic core in SW Norway, allowing mapping and dating of ductile deformation 
fabrics associated with collision and extension (Johnston et al., 2007; Fossen and Dunlap, 1998; 
Fossen, 1992; Andersen, 1998; Young et al., 2011); kinematics and timing of Caledonian 
deformation are thus relatively well-constrained up to the Middle Devonian, at which point the 
Western Gneiss Region UHP terrane (WGR) is thought to have reached upper-crustal depths 
(10-15 km) and cooled rapidly from +700℃ to <400℃, aided by tectonic advection along Mode 
II ductile extensional structures (the NSDZ, Fossen, 1992).  
 The eventual exhumation of the UHP WGR to the surface is not well constrained, but is 
related to crustal-scale N-S folding that is observed in Ar/Ar white mica isochrons and mylonite 
fabrics, and controls the surface exposure of Devonian basin remnants (see map, Figure 4.1), 
NSDZ mylonites, and high-grade (HP and UHP) metamorphic terranes (e.g. Root et al., 2004; 
Walsh et al., 2007; Johnston et al., 2007).  This folding must post date the cooling of the WGR 
through mica closure T of 350-400 ℃ at 375-390 Ma.  N-S folding affect the  basin sediments as 
well, with open to overturned folds observed on the (eastern) northern and southern margins of 
the basin; fold axes are subparallel to multiple scales of folding in the basement (WGR and 
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NSDZ) and to lineations in extensional mylonites; fold axes in individual basins are subparallel 
but distinct, and have been interpreted as recording progressive rotation of the regional strain 
field during basin formation (Braathen and Osmundsen, 2004; Osmundsen and Andersen, 2001). 
Folding in Kvamshesten basin (south of Hornelen) is interpreted to be contemporaneous with 
basin filling based on sedimentologic evidence (Osmundsen et al., 1998); however, 
paleomagnetic data from Hornelen indicate a minimum age of Late Devonian/early 
Carboniferous for the folding of the basin, and magnetic fabrics within the basin are truncated by 
the marginal faults, providing evidence that these brittle structures (which juxtapose NSDZ 
mylonites and WGR eclogites against Devonian sediments) post-date the folding (Torsvik et al., 
1988). Thus, while a series of tantalizing observations suggests a close genetic link between 
Devonian brittle faulting, basin opening, and mid-crust ductile deformation and exhumation of 
the UHP terrane, a conclusive interpretation of the relative timing of the late folding and post-
Devonian brittle faulting remains elusive. 
 Furthermore, the creation of the modern Norwegian landscape (high elevation interior 
plateaux incised by deep fjords) has been a subject of long time speculation and much recent 
debate.  Competing hypotheses are (a) the peneplanation-uplift model, in which the Caledonian 
orogenic belt was entirely eroded during the Mesozoic, creating a low-relief peneplain that was 
then rapidly uplifted in the Cenozoic and incised by glacial erosion (e.g. Lidmar-Bergstrom et 
al., 2000; Gabrielsen et al. 2010); and (b) the isostasy-climate-erosion (ICE) model, in which 
persistent isostatically-driven uplift of the overthickened Caledonian crust has supported elevated 
topography since the Devonian, and a combination of climate and erosion has shaped the modern 
landscape (Nielsen et al., 2009).
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Figure 4.1  Regional geologic map showing distribution of Devonian basins and apatite fission-track ages from this 
study (delineated by dashed box) and unpublished ages from Angell (2013; all ages outside dashed box).  Inset map 
shows distribution of published ages (zircon, green and apatite, blue) from Hendriks et al. (2007).  Not shown on 
this inset are seventy-some recently published additional AFT ages from the Bergen area and innermost 
Hardangerfjord by Ksienzyk et al. (2014) and Joahnnessen et al. (2013). Only one published age exists from the 
immediate study area of Hornelen basin, from Rohrman et al. (1995; not shown).  Cross section locations reference 
Figures 4.8 and 4.9.
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Previous Work on the Post-Devonian History
 Some innovative attempts have been made to address these problems; some of the 
relevant data for SW Norway is summarized in Figure 4.2.  Eide et al. (1999) used multi-domain 
diffusion modeling of K-feldspar 40Ar/39Ar data to document a previously unrecognized Early 
Carboniferous uplift/cooling event in both the footwall and hanging walls of the NSDZ, showing 
that the entire crustal section experienced slow cooling from 380-360 Ma followed by 20 m.y. of 
rapid cooling (and presumed tectonic activity) before returning to a slow-cooling regime 
post-340 Ma. This study placed some constraints on a relatively unknown episode in the thermal 
history of SW Norway; however the results could only be speculatively correlated with 
observations of episodes of deformation from the field (i.e, the N-S folding of the Devonian 
basins).  A combination of 40Ar/39Ar and paleomagnetic data from fault breccias and some late 
dolerite dikes along the coast (Eide et al., 1997; Andersen et al., 1999; Torsvik et al., 1997; 
Fossen and Dunlap, 1999) found Late Permian and Late Jurassic ages, thus relating some brittle 
faulting and diking to tectonic activity associated with the opening of the North Sea.  Most 
recently, Ksienzyk et al. (2012) presented K/Ar dating of illite from fault gouges around southern 
Norway, documenting episodic reactivation of brittle faults in the Carboniferous, Permian, Late 
Triassic-Early Jurassic, and Cretaceous-Paleogene.  
 The absence of any post-Devonian sediments onshore Norway obscures the stratigraphic 
intepretation of uplift and/or subsidence since the end of the Caledonian orogeny onshore, but 
marine stratigraphic record can be used to constrain times of active uplift or relative subsidence, 
when Norway was a major source of sediments to offshore basins or when coastal facies 
transgressed toward the interior.  40Ar/39Ar dating of detrital micas in the Carboniferous Pennine
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Figure 4.2  Comparison of thermal history models from this study (Hornelen samples in yellow, basement samples 
in pink) with relevant datasets that provide constraints on timing of post-Devonian uplift and fault activity in 
Norway. Green lines: multi-domain diffusion K-spar modeling paths of samples from the Sunnfjord/Kvamshesten 
region south of Hornelen (Eide et al., 2000); temperature-sensitive geochron data includes regional 40Ar/39Ar 
hornblende, muscovite and biotite cooling ages, generalized after Hacker (2007), and dike ages from Fossen and 
Dunlap (1999) and Torsvik et al. (1997).  Temperature-independent constraints include: fault breccia dating by 
paleomag and 40Ar/39Ar from Eide et al. (1997) and Andersen et al. (1999), and illite fault gouge data from Ksienzyk 
et al (2012). Detrital mica data from Carboniferous deposits in the U.K. were linked to a Scandinavian/Caledonian 
source by Stuart and Bluck (2000); a similar conclusion was reached for sediments in the German basin by Paul et 
al. (2009) who also used detrital ZFT ages to match the sediments to a Scandinavian source terrane.  These data 
mark periods of time when Scandinavia was uplifted to some elevation and thus a source of sediments into distal 
basins. Rift basin sedimentation in the North Sea from Sømme et al (2013).  Bjorøy Fm. represents near shore 
transgressive sands deposited on the SW Norway margin, the only record of post-Devonian sedimentation onshore
(Fossen et al., 1997). Burial constraints on Hornelen Devonian sediments from Souche et al. (2012) and Svensen et 
al. (2001). Figure after Fossen (2013).
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basin of Britain indicated a Scandinavian provenance for the micas, requiring that the Norwegian 
Caledonides remained uplifted and a significant source of detritus for a prolonged period (as 
much as 100 m.y., Stuart et al., 2000).  Detrital mica K/Ar ages from Late Triassic sediments of 
the German basin also showed a Norwegian (Scandian) provenance, and zircon fission-track 
ages from the same sediments yielded Late Triassic ages only slightly older than the age of 
deposition (Keuper, ca. 224 Ma), thus documenting a period of renewed uplift of the Norwegian 
margin in the Late Triassic (Paul et al., 2009).  Sømme et al. (2013) used estimates of point-
sourced sediment volumes in North Sea marine basins to come up with quantitative 
paleotopographic constraints for the Hornelen region of the Norwegian margin during the Late 
Jurassic (1.6 km relief), Late Cretaceous (<0.5 km), and Paleocene (1.1 km), indirectly 
measuring uplift and erosion of the margin.  The only known occurrence of post-Devonian 
sediments on the continental margin was discovered in a subsea tunnel southwest of Bergen.  The 
sediments contained Late Jurassic fauna in a near-shore facies, were affected by post-
depositional faults, and vitrinite reflectance data indicated shallow burial of 1-2 km (Fossen et 
al., 1997) thus documenting an episode of late subsidence and burial in southern Norway, the 
spatial extent of which is unknown.  Considered alongside the paleotopographic estimate of 
Sømme et al. (2013) for the late Jurassic (1.6 km relief), this episode of transgression and burial 
was probably restricted in extent, and confined to coastal areas in the south.  
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Fission-Track Dating
 The marine sedimentary record can provide information about gross crustal movements, 
and paleomagnetic and argon dating of fault rocks provide time constraints for movement on 
some structures, but neither approach is well-suited for elucidating uplift style or relative motion 
of fault blocks.  Although no major orogenic activity has occurred since the Caledonian, several 
lines of evidence for episodic fault activity in Norway have been discussed above.  Apatite and 
zircon fission-track (AFT and ZFT) and U-Th/He (Z/A He) data provide direct information on 
low-temperature thermal history (<250℃) of the continent, and as such, are a potentially rich 
source of information about the post-Devonian cooling and uplift history onshore Norway.  
 The effective closure temperatures for the zircon (c. 220℃) and apatite (c. 110℃) 
fission-track systems represent cooling at mid- to upper-crustal depths of ~10 to 4 km under 
typical continental geothermal conditions (see Reiners and Brandon, 2006; Gallagher, 1997, for a 
more thorough review of the technique and discussion of closure temperature parameters). 
Fission-Tracks are damage trails created within the crystal lattice by the spontaneous fission of 
238U; tracks have an initial length of ~16 µm, are instantaneously annealed at temperatures 
above the nominal closure temperature, but are only partially annealed (and thus shortened) at 
lower temperatures. The partial retention zone (PRZ) represents the temperature window through 
which fission-tracks are retained but gradually shortened; this window is related to the annealing 
kinetics of individual mineral grains (kinetic parameter, dominated by chemical composition) as 
well as cooling rate.  Thus, fission-track ages are more accurately interpreted as representing a 
cooling path through this temperature window, which for most apatite compositions is 
110°-60℃.  Track length measurements provide additional information about the exact cooling 
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path through this temperature window (corresponding to ~2-4 km depth).  Zircon annealing 
kinetics are are related to radiation damage, but less well understood than those of apatite and the 
PRZ is less well defined. Because of this, track lengths are not usually measured for zircons.  
Zircon and apatite He systems have similar kinetic controls, with a nominal closure temperature 
of ~175° and 60℃, respectively, which is related to diffusion kinetics during passage through a 
PRZ.  
  Low temperature thermochronometers have been applied to the problems of constraining 
the magnitude and style of uplift and exhumation since the 1980’s. Early work provided an 
estimate of 13 km of total uplift and erosion since the Caledonian orogeny in southern Norway 
(Andriessen and Bos, 1986), with most of this exhumation taking place prior to 300 Ma followed 
by slow erosional unroofing (through the AFT and ZFT closure temperatures) since that time. 
Rohrman et al. (1995) presented a regional set of AFT ages from southern Norway in which ages 
ranged ~235-100 Ma with a few older outliers (up to 285 Ma).  The distribution of oldest ages at 
high elevations in the interior and lower elevation among  coastal samples was interpreted in 
terms of a Neogene domal uplift of AFT isochrons, following initial cooling through 110-60℃ in 
the Late Triassic-Early Jurassic, making the first attempt at interpreting structural controls on 
post-Devonian uplift and cooling.  Significantly for this study, four samples from the Nordfjord 
area yielded ages between 110-153 Ma, including one sample from Hornelen basin (119±10 Ma, 
Rohrman et al., 1995).  
 Redfield et al. (2004, 2005) presented an alternative structural interpretation based on two 
focused transects of samples crossing major structural trends in the Møre-Trøndelag Fault 
Complex of central Norway.  Their ages corresponded with the overall distribution found by 
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Rohrman et al. (1995), but the sampling strategy allowed the data to be interpreted in terms of a 
block uplift model -- the nearly-broken plate flexure model, in which uplift of the continental 
margin is related to rift-margin uplift and erosional loading/unloading, and corresponds in time 
to episodes of rifting in the North Sea, but is expressed onshore by reactivation of older 
structures and progressive down faulting of the margin relative to inland blocks.  Importantly, 
Redfield et al.’s work (2004, 2005) showed that the fault activity that had been documented by 
40Ar/39Ar and paleomagnetic studies (discussed above) could be corroborated and roughly 
quantified with fission-track studies.  
 A number of workers have followed the approach of Redfield et al. (2005) in the last 
decade; most of this work is contained in unpublished M.S. and PhD theses.  Hendriks et al. 
(2007) compiled all published fission-track data from Norway and reviewed the interpretations 
of these data to date, concluding that while some general trends (such as the broad, domal uplift 
pattern interpreted by Rohrman et al., 1995) are evident, local structural control (fault offsets of 
500-1000m) is a significant factor in the distribution of FT ages around Norway.  Ksienzyk et al. 
(2014) presented a combination of ZHe, AFT and AHe data from a densely spaced set of samples 
in the vicinity of Bergen, documenting a discernable but inconsistent sense of offset across 
known structures and major lineaments.  
 General trends in the extant data set from southern Norway are as follows: (1) zircon FT 
ages (limited data, from Sognefjord and inner Hardangerfjord) range from 320-230 Ma 
(Andriessen and Bos, 1986; Leighton, 2007);  (2) AFT ages from around southern Norway range 
300-100 Ma with most ages falling between 200-130 Ma (Hendriks et al., 2007; Ksienzyk et al., 
2014); (3) older AFT ages (>150 Ma) concentrated along the coast, and younger ages (100-150 
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Ma) found at low elevations inland.  Within these general trends (interpreted in terms of domal 
uplift by Rohrman, 1995), discontinuities in the age distribution have been identified by multiple 
workers and attributed to fault movement (Redfield et al., 2005; Leighton, 2007; Ksienzyk et al., 
2014).  Additionally, anomalously old ages of 207-262 Ma were reported by Ksienzyk et al. 
(2014) from two areas (11 samples) west and south of Bergen, as well as two isolated samples 
inland; Redfield et al. (2005) reported three AFT ages 267-300 Ma from what they interpreted as 
an isolated, upthrown fault block (containing Devonian sediments), and other isolated Permo-
Triassic ages have been reported from southern Norway in unpublished M.S. theses from the 
University of Bergen (Angell, 2013;  Sekkingstad, 2013).  
 Two additional tools in apatite fission-track studies are the use of track length statistics 
and elevation profiles.  Track length histograms can be used to constrain inverse thermal history 
modeling, which calculate a best-fit cooling path through the PRZ for fission-tracks in apatite 
(110°-60℃), and incorporate other thermochronologic data where available.  Track length 
distributions can help distinguish between rapid cooling, slow cooling, and cooling-reheating 
models.  Elevation profiles provide constraints on paleo-geothermal gradient, which is necessary 
for interpreting cooling history models in terms of vertical exhumation through the crust.  
Modern geothermal gradient is estimated at 20℃/km based on measurement from a deep 
borehole in Sweden.  Rohrman et al. (1995) estimated the Mesozoic geotherm at 28℃/km based 
on elevation profiles, and used track length data to interpret a two-phase cooling history for the 
whole of southern Norway, with initial rapid (2-2.5℃/m.y.) cooling ~200 Ma, followed by a 
phase of geothermal relaxation and slow cooling, then uplift and faster cooling again post-30 Ma. 
Redfield et al. (2004, 2005) presented thermal history modeling that indicated a range of cooling 
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histories amongst samples from the Møre-Trøndelag region (thus supporting their interpretation 
of fault-block control on AFT ages and cooling histories); generally, coastal ‘outboard’ samples 
favored a moderate-to-rapid cooling event between 220-140 Ma, followed by thermal stability at 
~60℃ until late Cenozoic (Neogene) uplift to the surface.  Thermal models from SW Norway 
(Ksienzyk et al., 2014) generally agree with previous results, showing rapid Permo-Triassic-Late 
Jurassic uplift (2-3℃/m.y.) followed by slow cooling through the Cretaceous to the Paleogene.  
Overall, thermal models have favored a diachronous cooling history, with an early phase of rapid 
cooling in the Late Triassic-Jurassic, followed by thermal stability and slow cooling until the 
onset of a poorly-defined Neogene uplift event.  
Methods
 Samples were collected from within the Hornelen basin Devonian sandstones, and 
adjacent gneissic basement samples from across the basin-bounding brittle faults.  These faults 
are the Hornelen detachment (Wilks and Cuthbert, 2000), which makes a U-shape in map view 
and bounds the basin on northern and eastern margins, the Haukå fault which forms the southern 
boundary to the basin and cuts the Hornelen detachment at the SE corner of the basin, and the 
Bortnen fault, a brittle-ductile fault that runs parallel to the edge of the basin but is located 
entirely within mylonitic gneisses of the NSDZ and WGR a few km’s to the north (Young et al., 
2011).
 1-2 kg samples of sandstone and gneiss were crushed and sieved down to the <315 µm 
fraction.  Standard mineral separation techniques were used to separate apatite and zircon 
(Wilfley table, Frantz magnetic separator, and heavy liquids).  Apatite grains were mounted in 
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epoxy resin, alumina and diamond polished, and etched in 5.0M HNO3 at 20℃ for 20s at the 
University of Bergen (except samples Hba-FT1 and Hba-091, which were mounted and etched at 
University of Arizona in 5.5M HNO3, 20℃, 20s).  Zircons were mounted in PFA Teflon and 
polished at the University of Arizona, and etched in an oven at 220℃ using a KOH-NaOH 
eutectic melt (Gleadow et al., 1976) in a zirconium crucible for 3-70+ hours. The etching time 
depends on age and radiation damage and is monitored by repeated etching and observation at 
3-6 hour intervals.  All samples were analyzed using the external detector method (Gleadow, 
1981) using low-U mica, and irradiated at the Oregon State University Triga Reactor in 
Corvallis, USA. Neutron fluence was monitored with the European Institute for Reference 
Materials and Measurements (IRMM) standard uranium-dosed glasses 540R for apatite and 541 
for zircon. Following irradiation, induced tracks in the mica external detectors were revealed by 
etching with 40-48% HF for 18 minutes. Track densities were counted using an Olympus BX61 
microscope at 1250x magnification with an automated Kinetek Stage system. Apatite FT and 
Dpar values (kinetic parameter; average maximum diameter of the c-axis parallel track etch pits) 
were measured using an attached drawing tube and digitizing table, supplied by T. Dumitru of 
Stanford University, and calibrated against a stage micrometer. Central ages are quoted with 1σ 
errors, and were calculated using the IUGS recommended Zeta-calibration approach of Hurford 
and Green (1983). Where spontaneous track counts are low (<5), a binomial age with 95% 
confidence limits (Brandon, 1992; Galbraith, 2005) is applied. Current apatite and zircon IRMM 
540R and 541 zeta calibration factors of 368.1±14.9 and 121±2.6, respectively, have been 
obtained by repeated calibration against a number of internationally agreed age standards 
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including Durango and Fish Canyon Tuff apatite and Fish Canyon Tuff and Buluk zircons, 
according to the recommendations of Hurford (1990).
Results
 Fourteen separate samples were analyzed using the fission-track method by Stuart 
Thompson at the University of Arizona; twelve apatite samples were counted and nine zircon 
samples.  Seven of the total fourteen samples were analyzed using both methods. Track length 
data was obtained for ten of the twelve apatite samples, with several samples yielding less-than-
ideal track length measurements (<60) and one sample yielding only two measured track lengths. 
For thermal modeling, n>100 track length measurements are considered desirable (Ketcham, 
2005); nevertheless, we present thermal history models for all samples for which track length 
measurements were obtained.  
 Results are presented in Appendix VI, as well as Figures 4.1, 4.3 and 4.4.  Apatite ages 
range from 165-222 Ma, with the two westernmost samples (B1 and B3, sea level elevation) 
yielding the oldest ages (222 and 203 Ma) and the rest of the basinal samples falling between 
168-190 Ma.  Zircon ages are only slightly older, ranging 198-245 Ma, with nearly all samples 
overlapping in age within 1 sigma error, both inside and outside the basin margins.  Two 
basement gneiss samples from the southern margin near Florø (Hba-FT1, Hba-FT2) yielded 
consistent apatite and zircon ages of ~195 Ma (AFT) and ~230 Ma (ZFT); these ages do not 
show a consistent trend respect to opposing samples from across the Haukå fault. Basement 
gneiss samples from the northern margin (Hba-091, Hba-093) yielded slightly younger ages of 
165 Ma and 184 Ma (AFT, with overlapping within 1 sigma error) and 207 Ma (ZFT) and do not
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Figure 4.4   (a) W-E elevation/age profiles from Hornelen basin. Brown and green lines of section for northern and 
southern transects shown on map in Figure 4.3.  (b) Age-elevation profiles across northern and southern faulted 
margins of Hornelen basin; location of sections also shown in Figure 4.3.  Error bars are 1-sigma.  See text below 
for further discussion.
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differ within 1 sigma error from sample G6, directly across the Hornelen detachment fault within 
the basin.  However, the basement samples were collected from almost 1 km above the elevation 
of sample G6, a significant difference that would be expected to be reflected in AFT and possibly 
ZFT cooling ages over a lateral distance of ~ 5km.  Implications of this observation will be 
discussed further below.
 Sample age is plotted against the set of parameters: elevation, mean track length, Dpar 
(the kinetic parameter), and U concentration, in Figure 4.5.  No apparent correlation exists 
between AFT ages and U concentration or mean track length; a weakly defined inverse 
correlation is observed between AFT age and Dpar, potentially indicating some kinetic control on 
ages (i.e., suggesting that, for example, chemical variations between chloro- and fluoro-apatite 
may be systematically affecting the annealing of fission-tracks and thus the measured FT ages) .  
Dpar values overall show a narrow range 1.56-1.93, indicative of predominantly F-apatite, which 
is more retentive of tracks than OH- or Cl- apatites (Reiners and Brandon, 2006).  The overall 
variation in Dpar is not large enough, nor is the negative correlation strong enough, to warrant 
further attention here.  Neither ZFT nor AFT ages show an overall correlation to elevation, which 
would be expected in a simple regional cooling model.  Some structural control on age 
distribution is indicated, and will be discussed further below.  
Thermal History modeling
 Inverse thermal history models were made with HeFTy (Ketcham, 2005) software, using 
MTL and Dpar data for apatite samples.  Models were run for 10,000 paths, with good paths 
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Figure 4.5  a) U concentration shows insignificant correlation with age, suggesting that radiation-enhanced 
annealing is not important in these samples.  b) AFT age vs Dpar shows a weakly defined negative correlation: 
kinetics of individual grains and/or samples do not significantly affect age distribution. c) Age vs elevation: even 
excluding samples B1 and B3, (west coast samples with anomalously old ages), no obvious correlation exists. ZFT 
age vs elevation likewise shows no correlation.  d) Age vs. MTL shows no correlation.
(>0.5 goodness of fit, G.O.F) and acceptable paths (>0.1 G.O.F) plotted.  Starting constraints 
were created based on maximum temperature estimates of Svensen et al. (2001) and Souche et 
al. (2012) for the Hornelen basin sediments, 230-295℃, and ZFT ages for samples when 
available (and using ZFT ages from nearby samples in some cases). Zircon FT closure 
temperature was taken as a wide range of 250-200℃.  Ending constraints were defined as 
0-30℃, and cooling paths were required to reach the ‘surface’ between 50-0 Ma.  
 Results of thermal history models are presented in Figures 4.6, and 4.7.  Mean track 
lengths of all samples fall between 13.21 and 14.14 µm, with standard deviations ranging 
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1.02-1.43 µm, indicative of fast cooling through the apatite PRZ (110-60℃).  Accordingly, all 
models show an episode of rapid cooling through this temperature window followed by slow 
cooling and relative thermal stability; the exact timing of this episode of rapid cooling is 
 Figure 4.6  Devonian-present thermal history models for (a) basement samples Hba-091 (northern margin) and 
Hba-FT2 (southern margin), and (b) Hornelen basin sandstone samples. Models are based on starting constraints of 
local Ar/Ar mica ages (350-400ºC) for basement samples, and detrital mica ages from basin samples. Hornelen 
samples are forced to the surface in the Middle Devonian, then forced to maximum burial temperatures of 
230-300ºC between 350-250 Ma.  All models are further constrained by ZFT ages (closure between 250-200ºC) for 
each sample, and and ending constraint of near surface conditions (<25ºC) after 50 Ma.  Dashed lines represent the 
best-fit cooling path, and shaded regions are envelopes containing all of the ‘good’ cooling paths (goodness of fit 
>0.5).  Sample D2 had no ‘good’ paths, so the shaded region represents only ‘acceptable’ paths (g.o.f. >0.05).  
diachronous across the basin. Samples B1 and B3 favor a Triassic phase of rapid cooling 
between 240 and 215 Ma.  Moving eastward, samples D2, D3, and D4 favor rapid cooling in the 
Early-Mid Jurassic, 185-170 Ma.  Again moving eastward, samples G6, F3, and G2 favor a Late 
Triassic phase of rapid cooling (220-200 Ma). All samples tend toward shallow depths and near-
surface temperatures <40℃ by about 150 Ma, with slow cooling to the surface after that point. 
Our thermal history models are limited in ability to resolve thermal history at temperatures 
cooler than 60℃, which is the upper limit of the apatite PRZ, except in cases where samples 
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have experienced re-heating above this temperature (none of our samples display evidence of 
this).  Thus, post-Middle Jurassic cooling events are poorly constrained.  
 Basement sample Hba-FT2 favors rapid cooling in the Late-Triassic/Early Jurassic, up to 
30℃ (~1-1.5 km depth; Figure 4.6 and Figure 4.7). Basement sample Hba-091 from the northern 
margin only yielded 2 measurable track lengths; thermal history modeling is thus very poorly 
constrained, and allows for a variety of cooling paths including rapid cooling from the Late 
Triassic until the Middle Jurassic, up to temperatures between 80-20℃, corresponding to depths 
between 1-4 km.
 Mean track length (MTL) is a parameter indicative of cooling rate through the apatite 
PRZ; initial track length is taken to be ~16µm and longer MTLs result from rapid cooling 
through the PRZ during which the samples have little time to anneal fission-tracks. Shorter 
MTLs indicate prolonged residence time in the PRZ. Standard deviation of the MTL reflects how 
widely distributed the track lengths are; widely varying track lengths are also an indication of 
prolonged residence in the PRZ.  MTLs reported from Redfield et al. (2005) to the north of 
Hornelen range 12.16-13.61 µm with S.D. 1.05-1.88 µm.  Ksienzyk et al. (2014) reported data 
further south in the Bergen area, with MTLs ranging 10.73-13.24µm (they did not report 
standard deviation).  Our data show significantly longer MTLs and smaller standar deviations; 
MTL ranges 13.06-14.04 µm with most samples between 13.57-13.95 µm.  Standard deviation 
ranges 0.91-1.43 µm; most samples in the 0.91-1.20 µm range. Overall these data suggest that 
Hornelen samples experienced faster cooling through the apatite PRZ than samples from 
previous studies; track length histograms and thermal history models reflect this and all favor a 
single episode of rapid cooling from ~250ºC to <60ºC at rates as high as 10-20ºC/m.y. 
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Figure 4.7   Thermal history models from HeFTy software (Ketcham, 2005), shown with MTL histogram for each 
sample.
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Discussion of FT ages
 The AFT ages in this study correspond well with ages obtained from the Sognefjord 
region immediately to the south (Figure 4.1; Angell, 2013), further south in the Bergen area 
(Ksienzyk et al., 2014), and ages obtained by Redfield et al. (2005) to the north in the Trondheim 
region.  Ages obtained by Rohrman et al. (1995) for the Nordfjord area, including one sample 
from the Hornelen, were significantly younger than the ages reported here. Based on the 
consistency in more recently obtained data, we attribute this discrepancy to methodological 
differences between early work and modern studies. ZFT ages from this study (198-245 Ma) fall 
on the younger end of the range of documented ages from Norway (230-320 Ma).
 Plots of two W-E sample transects (Figure 4.4a) show age-elevation relationships parallel 
to the basin-bounding structural trends of the Bortnen and Haukå faults. The expected correlation 
of older ages with higher elevation samples holds, except for the the westernmost samples B1 
and B3 which yield anomalously old ages. The older-than-expected ages are more pronounced in 
the AFT ages (and are significant outliers beyond 1-sigma uncertainty). Samples B1 and B3 
would be expected to yield ages of 160-170 Ma in a simple regional cooling model (a difference 
of 40-60 Ma to the observed ages, or 2.6-4 km depth assuming 30℃/km geotherm and a 2-3℃/
m.y. rate of cooling/uplift). Other workers have documented similar Permo-Triassic age 
anomalies, both in structural blocks of limited size, and for isolated samples (Ksienzyk et al., 
2014; Angell, 2013).  Ksienzyk et al. (2014) noted the ‘triangular shape’ of geographic regions 
yielding older-than-expected ages (11 ages older than the primary distribution from 59 total 
samples) but did not speculate further on the source of these ages. The old-age anomaly is also 
evident in the ZFT age transects when sample elevation is considered; both D2 and B1 zircon 
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FT ages are older than expected when compared to the ages and elevations of samples G2, I2, 
and J1.  Relatively large uncertainties on the zircon FT ages result in a very limited degree of 
confidence in any structural interpretations premised on these age distributions; nonetheless, I 
forge ahead with that caveat, and attempt to bolster my interpretations using AFT age and track 
length data as much as possible to support my conclusions.  
 In the absence of any fault between the B-samples and the eastern part of the basin, this 
age difference can be attributed to either: 1) a lateral thermal anomaly which affected central and 
eastern parts of the basin, but not the westernmost samples, or 2) diachronous uplift and cooling 
of the basin that may have resulted in internal deformation of the basin sediments without any 
apparent faulting (i.e., tilting and/or minor folding of the sediments resulting from differential 
uplift of western vs. central/eastern portions of the basin). Neither of these explanations is 
entirely satisfactory, but I evaluate them both.  
 The thermal anomaly model requires one or more sources of heat to locally perturb the 
Late Triassic-Early Jurassic geotherm, with the thermal effects felt uniformly around the basin, 
except for the B samples on the west coast. This is required because of the well-defined age-
elevation relationship in the rest of the basin which suggests a fairly uniform thermal structure 
for most of the basin during Triassic-Jurassic cooling.  Dike intrusion is documented at ~220 Ma 
nearby from the islands of Kinn and Sunnhordland (Torsvik et al., 1997; Færseth et al., 1976), 
however these dikes are geographically closest to the B-samples, and thus would be expected to 
result in younger ages for the western samples if indeed the dikes were part of the thermal 
anomaly story. Alternatively, a refrigeration effect could be invoked for the B-samples, whereby 
meteoric waters circulating on a fault, fracture, or bedding plane locally depressed the geotherm 
 144
along the coast and resulted in older ages for these two samples. This explanation is unlikely due 
to the high-grade diagenesis of the Hornelen sediments (resulting in low permeability) and the 
absence of any faults within the basin. For a fracture to channel meteoric waters, it must have 
extended from the surface to depths of 3-5 km, which also seems unlikely.  
 The second explanation requires diachronous uplift and cooling of the basin sediments 
between the western reaches of the basin and the central and eastern parts, without any internal 
faulting, thus resulting only in tilting and/or gentle folding of the basin sedimentary layers 
(Figure 4.8). The only folding observed within the basin is along approximately E-W axes, is 
confined to the north- and south-eastern margins, and is dated roughly to Late Devonian-Early 
Carboniferous (Torsvik et al., 1986).  Folding or tilting relating to later Triassic-Jurassic cooling 
would have to be on approximately N-S axes (perpendicular to the local structural trends, but 
possible in relation to North Sea faulting and rift margin uplift). Furthermore, because there is 
not a linear age-gradient between the B samples and the eastern-most samples (G2, G6, F3, 
Figure 4.4a; i.e., the D-samples are too young), uniform block tilting of the basin cannot be 
invoked.  Instead, a complicated model is required with uplift of the western basin edge first 
(220-200 Ma), followed by the rest of the basin (D-transect and eastward, 190-168 Ma).  Without 
any faulting, differential uplift of western and central/eastern portions of Hornelen basin would 
result in gentle folding of the strata; if the axis of folding was parallel to the strike of the beds 
(N-S), such folding might not be readily apparent (and would best be considered tilting of strata). 
 In order to quantify the potential magnitude of the tilting from the fission-track data, I 
make several simplifying assumptions.  First, the Mesozoic geotherm is taken to be 30℃/km, 
which is an approximation supported by Rohrman et al. (1995) and also adopted in Ksienzyk et 
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al. (2014).  Secondly, I must assume a cooling rate, and equate this to a rate of exhumation to the 
surface (requiring the assumption of a constant geotherm for the time frame considered).  Over 
the ~50 m.y. period in question, cooling rates of 2-3℃/m.y. are favored by other workers 
(Ksienzyk et al., 2014; Redfield et al., 2005; Rohrman et al. 1995). Thermal models from this 
study permit significantly higher rates, but I assume 1.5-3℃/m.y. and interpret the results as 
minimum constraints on magnitude of uplift. Finally, I assume that the geometry of tilting 
deformation follows either a N-S axis that roughly parallels our sample transects, or else follows 
a roughly E-W axis, subparallel to other major structural trends in the area.
 Taking the approximate median AFT age of the B-samples as 210 Ma and approximating 
the D2, D3 sample AFT ages as 170 Ma, the difference of 40 m.y. equates to cooling of 
60-120℃ for 1.5-3℃/m.y. cooling rates, respectively.  Assuming a 30℃/km geothermal 
gradient, this requires the vertical offset of +2-4 km of the D samples relative to the B samples, 
of over a lateral distance of approximately 12km. Without faulting to accommodate this offset, 
westward tilting of 7-18° of the D-samples (and the rest of basin strata to the east) relative to the 
west-coast B-samples is required. Westward tilting of Hornelen strata would effectively lower 
the dip of the layers. No systematic change in stratal dip has been observed around the basin, 
with the exception of folding along the northern and southern margins; average dips range 
20-40° to the east.  Published mapping documents dips in the range of 10-20° on the west coast, 
in the vicinity of the B-samples, and 20-25° in the area of the D-samples.  If the diachronous 
uplift and tilting model is correct, D-transect samples had a steeper eastward dip of 27-43° prior 
to Triassic-Jurassic uplift and cooling.  The effect of such tilting would decrease eastward, to 
only 3-8° for the F-G sample area and less further eastward.  Although logistically challenging, a 
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thorough survey of bedding attitudes in the remote, central parts of the Hornelen basin would be 
useful to evaluate this model. 
 In the context to rift-flank uplift, the diachronous uplift model makes sense in terms of 
tilting of fault blocks and the largest magnitude uplift occurring closest to the rifted margin of 
western Norway.  The progression of uplift from west to east might be considered in terms of 
active faulting migrating from a near-shore normal fault (with Hornelen as the footwall) to an 
inboard normal fault where Hornelen is part of the hanging wall; however, no such system of N-
S trending normal faults is known, particularly inboard of Hornelen.  The only obvious 
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possibility is the low-angle Hornelen detachment fault that bounds the eastern margin of the 
basin and dips ~15° westward; the problems with low-angle normal fault slip notwithstanding, 
such a low-angle fault is a poor candidate for producing the kind of block-tilting that the model 
requires.
 A second structural trend is evident from the intra-basin samples when considering N-S 
age-elevation profiles (Figure 4.4b). With the caveat that all AFT samples (aside from B1 and 
B3) overlap within 1-sigma uncertainty (thus limiting any absolute confidence in interpretation 
based on differences in these ages), we suggest that a northward tilting of the basin can be 
discerned from the fission-track ages. Assuming the diachronous uplift and tilting model, we thus 
treat the B-samples separately from the rest of the basin (as in this model the western basin cools 
first through 110-60℃ window then remains at depths of 1-2 km while the central and eastern 
parts of the basin are uplifted and cooled) and assume that the rest of the basin (D-samples 
eastward to J1) behaved as a coherent block during diachronous uplift.  Samples D2 and D3 
record identical AFT ages of 168 Ma; based on the elevation difference between the samples 
(340 m) and the lateral distance of approximately 5 km, a northward tilt of the 168 Ma isotherm 
can be calculated at 4.5°.  Considering the age of sample D4 at 182 Ma, and the projection of our 
interpreted isochron slope, we calculate a vertical distance of 350-550 m (depending on the exact 
angle of the dip-slope projection) between the 168 Ma and 182 Ma isochrons, corresponding to 
cooling at a rate of 0.8-1.2℃/m.y. (assuming a 30℃/km geotherm), which is reasonable, but 
lower than thermal models predict. 
 Northward tilt calculated from the D-samples compares closely with that calculated from 
samples further to the east: F3 and G2, closely spaced samples from elevations of 955 m and 
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1280 m, yield ages of 189 and 194 Ma.  Approximating the 190 Ma isotherm at 1000 m in the 
vicinity of these two samples, and projecting northeastward to sample G6 (190 Ma) 
approximately 12 km, we calculate a northward tilt of 4.7°.  Although it is impossible to know 
exactly what the tilt axis is, and thus how to project the slope of the AFT isotherms, the 
uncertainty involved in this projection is insignificant compared to the overall uncertainty in the 
ages. For instance, projecting the 190 Ma isotherm eastward so that the dip-slope toward sample 
G6 is parallel with the projection between samples D2 and D3, the lateral distance shortens to ~9 
km and the resulting angle of tilt for the 190 Ma isotherm steepens only to 6.3° northward, still 
closely matching the tilt angle calculated from the D-samples. This interpreted northward tilting 
of the central and eastern parts of the basin is subtle, but results in a differential uplift of the 
southern margin of Hornelen as much as 2 km relative to the northern margin since the Early 
Jurassic. 
 Two independent lines of evidence also point to northward tilting, and/or more rapid 
subsidence in the north margin of the basin.  The first is sedimentologic evidence: alluvial fans 
on the north margin have a smaller radius and are dominanted by debris-flow processes, as 
opposed to the larger radius fans of the southern margin which are dominated by stream-flow 
processes.  These characteristics were interpreted by Steel et al. (1977) to record greater 
subsidence in the north (and as a corollary, more rapid uplift of the faulted block to the north).  A 
second line of evidence is the detrital mica data presented in Chapter 2, which documents more 
active uplift of the northern margin relative to the south, thus supporting Steel et al.’s (1977) 
interpretation. Based on these data, a south-dipping, oblique-slip fault along the northern margin 
seems likely to be the major fault controlling basin opening, and would be a good candidate for 
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providing a structural mechanism to accomodate additional, late northward tilting of the basin 
sediments.  Such a model predicts a normal, down-to-the-south sense of offset in the FT data 
from the northern margin, but does not make any clear predictions as to the FT data on the 
southern margin.  The Haukå fault (southern margin) was probably a normal sense, down-to-the-
north fault during basin opening, but may have been reactivated as a reverse fault during the 
compression that produced N-S folding of the basin.  
 At first glance, fission-track ages do not appear to show a consistent sense of offset across 
any of the basin-bounding faults on the northern or southern margin.  Along the southern margin, 
the anomalously old ages of the B-samples confuse the interpretation, and on the northern 
margin, the northward tilt of FT isochrons affects the interpretation significantly also.  Focusing 
first on the southern margin (Haukå fault), no difference in ZFT ages is observed between any of 
the four samples adjacent to this fault (B1, D2, Hba-FT1, Hba-FT2).  AFT ages, however, show 
an inconsistent sense of displacement across the fault: B-samples are older (and thus offset 
downward relative to the opposing basement samples), and D-samples are younger (and thus 
offset upward, especially considering the northward tilt of the isochrons which exaggerates this 
effect).  
 The close similarity of all ZFT ages along the southwestern margin, and indeed all across 
the basin, suggests that the entire Hornelen cooled through 250-200℃ as a single block at ~ 230 
Ma.  In contrast, the spread in AFT ages indicates that cooling through 110℃ progressed 
diachronously, with the B-samples cooling first (220-200 Ma), followed by the basement 
gneisses and eastern samples (G, F samples) at ~190-195 Ma, and  then the D-samples at ~170 
Ma.  Basement samples Hba-FT1 and Hba-FT2 yield very similar ages to samples F3, G2, and I2 
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(from ~1 km higher in elevation); this suggests that the eastern reaches of the basin have been 
uplifted on the order of 1 km more than the western basin and basement samples near Florø.  
Over a lateral E-W distance of 35-45 km between Hba-FT1/Hba-FT2 and samples F3-G2-I2, this 
equates to a very subtle westward tilting of 0.02-0.03º; see Figures 4.9 and 4.10 for illustration.  
If the Hornelen was uplifted as a coherent, but internally deforming, structural block separate 
from the basement to the south and north, the FT ages provide little evidence of major structural 
offset across the Haukå fault.  
Figure 4.9  Cross sections of Hornelen basin, based on gravity data from Skilbrei and Kihle (1998); locations of 
cross section shown in Figure 4.1. Isochrons depict interpreted monoclinal folding and northward tilting of Hornelen 
basin, and reflect two assumptions(discussed in text):  1. 30ºC/km Mesozoic geotherm, and 2. cooling rate of 
~2.5ºC/m.y. during the Late Triassic/Early Jurassic cooling event.
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 Samples along the northern margin cross-fault transect do not appear to show significant 
offset across the basin margin, either, until the northward tilting of AFT isochrons is taken into 
account.  Samples G2, G6, and Hba-091 record nearly identical AFT ages; however, the 
elevation differences between these samples is significant and would be expected to be reflected 
in the AFT ages absent other structural controls on the age distribution.  As described above, the 
190 Ma AFT isochron calculated between G2 and G6 projects northward with a 5.7° dip.  
Assuming a 2-3℃/m.y. cooling rate, the 184 Ma isochron lies some 330-670 m below this 
projection.  Sample Hba-091 (184 Ma) lies at an elevation of 875 m, approximately 1.4-2 km 
above its projected depth based on the tilted isochron model. Sample Hba-093 (165 Ma) lies 100 
m above sample Hba-091, and across the Bortnen fault (interpreted as dominantly strike-slip, 
Young et al., 2011). Holding to the north-tilted isochron model, the higher elevation and younger 
age of this sample indicate an offset of +1.5 km relative to Hba-091 (assuming 2℃/m.y. cooling 
rate).  Thus both the Hornelen detachment and the Bortnen fault display evidence of significant 
down-to-the-south normal faulting that post-dates AFT ages of 165 Ma.  
 Despite the 1-sigma error bars on all of these data significantly limiting the confidence 
that can be placed in our structural interpretations, the data favor these interpretations.  Even 
taking the uncertainty of the ages into account, the structural trends are apparent and significant 
outside of uncertainty, and there is internal consistency within the conclusions. One significant 
inconsistency regarding the northward tilting of the basin block is that the two western-most 
samples (B1, B3) display the opposite age relationship that would be expected given uniform 
tilting of the entire basin as one block.  However, the diachronous uplift model which I favor to 
explain the E-W distribution of ages and age-elevation relationships already invokes a structural 
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discontinuity between the B-samples and the rest of the basin to the east. Thus it is conceivable 
that some underlying structural weakness has effectively divided the basin into segments which 
experienced post-Devonian deformation differently.  Early structural models for the basin 
(Bryhni, 1975; Steel et al., 1977) considered the possibility of a series of normal faults that 
underly the axial sediments of the basin. This interpretation has fallen out of favor and been 
replaced by the supradetachment model (which hypothesizes a single low-angle fault surface 
underlying the sediments, e.g. Vetti and Fossen, 2012), but the earlier models allow for one or 
more normal faults (at a high angle to the E-W trend of the basin itself) below the axial 
sediments. Such faults would provide the necessary structural discontinuity in the basement, and 
explain the observations of diachronous uplift and block-tilting, since they could have been 
reactivated as blind reverse faults during basin inversion in the Late Triassic-Jurassic. The 
progression of uplift-pulse from the west to the east (favored by thermal history models, Figure 
8) would then relate to rift-flank uplift progressing from the margin toward the interior of the 
continent, supporting Redfield et al.’s (2005) interpretation of fission-track age distribution being 
controlled  by the nearly-broken lithospheric plate flank uplift during North Sea rifting.  
Conclusions
 The big picture is a story of diachronous uplift of a mostly-coherent Hornelen basin fault 
block, beginning with rapid mid-late Triassic cooling of the western margin first, followed by 
early Jurassic uplift of the central and eastern basin and tilting about a N-S axis located between 
samples B and D.  Thermal models show that most exhumation had taken place by 160 Ma (to 
~1-2 km depths), followed by thermal stability and slow cooling to the present, and post-Middle 
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Jurassic northward tilting of the central and eastern parts of the basin, accompanied by down-to-
the-south normal faulting on the Hornelen detachment and Bortnen faults on the northern margin 
(1.5-4 km normal offset).  Timing of episodes of rapid uplift in the Hornelen area correspond 
roughly to early rifting in the North Sea, supporting previous interpretations that the post-
Devonian evolution of the Norwegian margin has been strongly influenced by rift-flank uplift 
and reactivation of inherited Caledonian structures.  
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Appendix I:  LA-ICPMS U/Pb zircon experimental methods
Samples Hcg-57, Hcg-29, Hcg-32, Hcg-70, and Hcg-75 were obtained by Simon 
Cuthbert, processed at Lamont-Doherty, then analyzed at the Arizona LaserChron Center.  
Samples Horn-B1, -B3, -B5, -D1, -D2, -F0, -F1, -F3, -F6, -G4, -H2, -H3, -H4, -I2, and -J1 were 
collected by Templeton, processed and analyzed at the University of Bergen.  For all samples, 
mineral separation followed the same general procedure: samples were crushed and sieved using 
a jaw crusher and rock mill to obtain size fraction of 63-250 µm.  This fraction was passed over a 
Wilfley table to separate out heavy minerals, then further separated into magnetic and non-
magnetic fractions using a Frantz magnetic separator.  Zircons were separated from the non-
magnetic fraction using two steps with heavy liquids (LST, density = 2.85 g/cm^3 and MEI, 3.3 
g/cm^3 for separations performed at LDEO; SPT and Diodomethane for separations done at 
UiB). 
To eliminate human picking bias, zircon grains were either poured, or pipetted in ethanol, 
onto an epoxy grain mount, ground down to a depth of ~20 microns, polished, imaged with 
cathodoluminescence, and cleaned prior to isotopic analysis.
U-Pb geochronologic analyses of detrital zircon (Nu HR ICPMS)
U-Pb geochronology of zircons is conducted by laser ablation multicollector inductively 
coupled plasma mass spectrometry (LA-MC-ICPMS) at the Arizona LaserChron Center (Gehrels 
et al., 2006, 2008).  The analyses involve ablation of zircon with a Photon Machines Analyte G2 
excimer laser using a spot diameter of 30 microns.  The ablated material is carried in helium into 
the plasma source of a Nu HR ICPMS, which is equipped with a flight tube of sufficient width 
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that U, Th, and Pb isotopes are measured simultaneously.  All measurements are made in static 
mode, using Faraday detectors with 3x1011 ohm resistors for 238U, 232Th, 208Pb-206Pb, and discrete 
dynode ion counters for 204Pb and 202Hg.  Ion yields are ~0.8 mv per ppm.  Each analysis consists 
of one 15-second integration on peaks with the laser off (for backgrounds), 15 one-second 
integrations with the laser firing, and a 30 second delay to purge the previous sample and prepare 
for the next analysis.  The ablation pit is ~15 microns in depth.  
For each analysis, the errors in determining 206Pb/238U and 206Pb/204Pb result in a 
measurement error of ~1-2% (at 2-sigma level) in the 206Pb/238U age.  The errors in measurement 
of 206Pb/207Pb and 206Pb/204Pb also result in ~1-2% (at 2-sigma level) uncertainty in age for grains 
that are >1.0 Ga, but are substantially larger for younger grains due to low intensity of the 207Pb 
signal.  For most analyses, the cross-over in precision of 206Pb/238U and 206Pb/207Pb ages occurs 
at ~1.0 Ga. 
204Hg interference with 204Pb is accounted for measurement of 202Hg during laser ablation 
and subtraction of 204Hg according to the natural 202Hg/204Hg of 4.35.  This Hg is correction is 
not significant for most analyses because our Hg backgrounds are low (generally ~150 cps at 
mass 204).  
Common Pb correction is accomplished by using the Hg-corrected 204Pb and assuming an 
initial Pb composition from Stacey and Kramers (1975).  Uncertainties of 1.5 for 206Pb/204Pb and 
0.3 for 207Pb/204Pb are applied to these compositional values based on the variation in Pb isotopic 
composition in modern crystal rocks. 
Inter-element fractionation of Pb/U is generally ~5%, whereas apparent fractionation of 
Pb isotopes is generally <0.2%.  In-run analysis of fragments of a large zircon crystal (generally 
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every fifth measurement) with known age of 563.5 ± 3.2 Ma (2-sigma error) is used to correct 
for this fractionation.  The uncertainty resulting from the calibration correction is generally 1-2% 
(2-sigma) for both 206Pb/207Pb and 206Pb/238U ages.   Concentrations of U and Th are calibrated 
relative to our Sri Lanka zircon, which contains ~518 ppm of U and 68 ppm Th.
The analytical data (338 analyses) are reported in Appendix II.  Uncertainties shown in 
these tables are at the 1-sigma level, and include only measurement errors.  Analyses that are 
>20% discordant (by comparison of 206Pb/238U and 206Pb/207Pb ages) or >5% reverse discordant 
were discarded and not considered further.  
UiB analyses
U–Pb isotopic analysis of zircon by laser ablation ICP-MS followed the technique 
described in Košler et al. (2002) and Košler and Sylvester (2003). A Thermo-Finnigan Element 2 
sector field ICP-MS coupled to a 193 ArF excimer laser (Resonetics RESOlution M50-LR) at 
Bergen University was used to measure Pb/U and Pb isotopic ratios in zircons. The sample 
introduction system was modified to enable simultaneous nebulisation of a tracer solution and 
laser ablation of the solid sample (Horn et al.., 2000). Natural Tl (205Tl/203Tl=2.3871 –Dunstan et 
al., 1980), 209Bi and enriched 233U and 237Np (N99%) were used in the tracer solution, which was 
aspirated to the plasma in argon carrier gas through an Apex desolvation nebuliser (Elemental 
Scientific), and a T-piece tube attached to the back end of the plasma torch. A helium gas line 
carrying the sample from the laser cell to the plasma was also attached to the T-piece tube. The 
laser was fired at a repetition rate of 5 Hz and energy of ca. 80 J/cm2. Linear laser rasters (ca 20 
to 70 µm) were produced by repeated scanning of the laser beam (spot size 14-26 µm) at a speed 
 180
of 10 µm/second across the zircon sample surface. Typical acquisitions consisted of a 35 second 
measurement of blank followed by measurement of U and Pb signals from zircon for another 100 
s. The data were acquired in time resolved – peak jumping – pulse counting mode with one point 
measured per peak for masses 202 (flyback), 203 and 205 (Tl), 206 and 207 (Pb), 209 (Bi), 233 
(U), 237 (Np), 238 (U), 249 (233U oxide), 253 (237Np oxide) and 254 (238U oxide). Raw data were 
corrected for dead time of the electron multiplier and processed off line in a spreadsheet-based 
program (Lamdate – Košler et al., 2002). Data reduction included correction for gas blank, laser-
induced elemental fractionation of Pb and U and instrument mass bias. Minor formation of 
oxides of U and Np was corrected for by adding signal intensities at masses 249, 253 and 254 to 
the intensities at masses 233, 237 and 238, respectively. No common Pb correction was applied 
to the data due to highly variable Hg signal that interferes with 204Pb and that typically exceeds 
the low 204Pb signal form zircons by a factor of 5–10. Elemental fractionation and instrumental 
mass bias were corrected by normalization to the GJ-1 reference zircon (609 Ma, Jackson et al., 
2004) and reference zircons Plešovice (337 Ma, Sláma et al., 2008) and 91500 (1065 Ma, 
Wiedenbeck et al., 1995) were periodically analysed during the measurement for quality control 
purposes and the obtained mean values of 1066.7 ± 28.7 Ma (206Pb/207Pb at 1 σ level; n=177)  
and 347.7 ± 6.8 Ma (238U/206Pb at the 1 sigma level; n=152) correspond closely to the published 
reference values, although the age obtained for the Plešovice in this study is systematically older 
by 10 Ma.   Zircon U/Pb data (1209 analyses) are provided as supplementary data in Appendix 
II.  For geological interpretation, the 206Pb/207Pb age was selected for zircon older than 900 Ma 
and 206Pb/238U age for zircon younger than 900 Ma. Zircon age distributions are presented as 
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Appendix II.  LA-ICPMS U-Pb data of detrital zircons from Hornelen basin.
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B1 8 1533 65 0.1019 0.0021 4.046 0.243 0.2875 0.0120 1629 68 1659 38 1.8 1659 38 2.3%
Horn-B1 9 1068 36 0.0808 0.0017 2.437 0.138 0.2129 0.0072 1244 42 1217 41 -2.2 1217 41 3.4%
Horn-B1 10 1340 36 0.0763 0.0016 1.857 0.110 0.1765 0.0057 1048 34 1103 43 5.0 1103 43 3.9%
Horn-B1 11 -4328 286 0.0809 0.0015 2.266 0.120 0.1962 0.0072 1155 42 1218 36 5.2 1218 36 2.9%
Horn-B1 12 13039 25 0.0792 0.0019 2.156 0.137 0.2106 0.0058 1232 34 1178 47 -4.6 1178 47 4.0%
Horn-B1 13 11745 48 0.1029 0.0021 4.104 0.221 0.2962 0.0086 1672 48 1677 37 0.3 1677 37 2.2%
Horn-B1 14 41 82 0.1025 0.0019 4.323 0.288 0.3022 0.0147 1702 83 1669 34 -2.0 1669 34 2.0%
Horn-B1 15 3040 91 0.1023 0.0018 4.514 0.269 0.3125 0.0137 1753 77 1665 33 -5.3 1665 33 2.0%
Horn-B1 17 9482 45 0.1016 0.0019 4.257 0.249 0.2970 0.0118 1677 67 1653 35 -1.4 1653 35 2.1%
Horn-B1 18 -1014983 71 0.1025 0.0019 4.301 0.226 0.2984 0.0095 1683 54 1670 34 -0.8 1670 34 2.0%
Horn-B1 19 81277 122 0.1068 0.0019 4.791 0.290 0.3152 0.0146 1766 82 1746 32 -1.1 1746 32 1.8%
Horn-B1 20 11528 134 0.0871 0.0016 2.736 0.156 0.2289 0.0078 1329 45 1362 35 2.4 1362 35 2.6%
Horn-B1 25 2319 59 0.1064 0.0054 4.220 0.262 0.2882 0.0139 1633 78 1738 92 6.1 1738 92 5.3%
Horn-B1 26 14943 89 0.0737 0.0014 1.760 0.113 0.1769 0.0067 1050 40 1034 40 -1.6 1034 40 3.8%
Horn-B1 27 -750 17 0.0755 0.0018 1.889 0.125 0.1809 0.0068 1072 40 1081 48 0.8 1081 48 4.5%
Horn-B1 28 -1663004 119 0.0950 0.0017 3.427 0.209 0.2654 0.0101 1517 58 1529 34 0.8 1529 34 2.2%
Horn-B1 29 692 58 0.0833 0.0016 2.123 0.157 0.1914 0.0093 1129 55 1275 39 11.5 1275 39 3.0%
Horn-B1 30 41109 62 0.0976 0.0018 3.902 0.203 0.2800 0.0093 1591 53 1579 34 -0.8 1579 34 2.1%
Horn-B1 31 -7329493 287 0.0880 0.0015 3.089 0.157 0.2445 0.0082 1410 47 1383 33 -2.0 1383 33 2.4%
Horn-B1 33 13041 57 0.1040 0.0019 4.319 0.224 0.2951 0.0089 1667 51 1697 33 1.8 1697 33 1.9%
Horn-B1 34 2431 58 0.1102 0.0027 4.258 0.345 0.3323 0.0096 1850 53 1803 44 -2.6 1803 44 2.4%
Horn-B1 35 16188 62 0.0735 0.0014 1.872 0.103 0.1815 0.0058 1075 34 1027 39 -4.7 1027 39 3.8%
Horn-B1 36 9609 58 0.1045 0.0021 3.505 0.239 0.2569 0.0093 1474 53 1706 38 13.6 1706 38 2.2%
Horn-B1 37 53561 133 0.1009 0.0018 4.058 0.270 0.2891 0.0140 1637 79 1641 33 0.2 1641 33 2.0%
Horn-B1 39 4365 363 0.1021 0.0018 3.994 0.212 0.2726 0.0098 1554 56 1663 33 6.6 1663 33 2.0%
Horn-B1 40 4299 170 0.1022 0.0019 4.198 0.250 0.2941 0.0119 1662 67 1664 34 0.1 1664 34 2.0%
Horn-B1 45 28579 74 0.0863 0.0016 2.141 0.160 0.1875 0.0087 1108 51 1345 37 17.6 1345 37 2.7%
Horn-B1 46 11186 50 0.0767 0.0031 1.939 0.108 0.1815 0.0060 1075 35 1114 80 3.5 1114 80 7.2%
Horn-B1 47 4732 275 0.1054 0.0020 4.065 0.208 0.2692 0.0088 1537 50 1722 35 10.8 1722 35 2.0%
Horn-B1 48 -2089 90 0.1044 0.0020 4.544 0.239 0.2937 0.0110 1660 62 1704 35 2.6 1704 35 2.1%
Horn-B1 50 3720 15 0.0745 0.0021 1.833 0.107 0.1737 0.0053 1032 31 1056 56 2.2 1056 56 5.3%
Horn-B1 52 2365 116 0.1007 0.0018 4.200 0.231 0.2944 0.0108 1664 61 1637 34 -1.6 1637 34 2.1%
Horn-B1 53 3005 219 0.1015 0.0018 3.963 0.206 0.2761 0.0092 1572 52 1653 32 4.9 1653 32 2.0%
Horn-B1 54 11570 52 0.1026 0.0019 4.123 0.233 0.2911 0.0098 1647 55 1672 35 1.5 1672 35 2.1%
Horn-B1 55 170 17 0.0533 0.0020 0.572 0.041 0.0723 0.0040 450 25 343 84 -31.5 450 25 5.5%
Horn-B1 58 4582 35 0.1012 0.0020 4.104 0.240 0.2887 0.0111 1635 63 1647 36 0.7 1647 36 2.2%
Horn-B1 59 -152 7 0.0719 0.0025 1.520 0.144 0.1693 0.0087 1008 52 983 70 -2.6 983 70 7.1%
Horn-B1 60 170 194 0.0753 0.0014 1.773 0.115 0.1714 0.0079 1020 47 1077 36 5.2 1077 36 3.3%
Horn-B1 65 7396 46 0.1019 0.0019 3.970 0.200 0.2788 0.0073 1585 42 1658 35 4.4 1658 35 2.1%
Horn-B1 66 7347 349 0.1008 0.0018 4.219 0.260 0.2972 0.0141 1677 79 1639 33 -2.3 1639 33 2.0%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B1 67 -388 37 0.0953 0.0020 3.467 0.194 0.2563 0.0086 1471 49 1534 40 4.1 1534 40 2.6%
Horn-B1 68 302 46 0.1000 0.0019 3.982 0.210 0.2897 0.0084 1640 48 1625 35 -0.9 1625 35 2.2%
Horn-B1 69 9474 71 0.1034 0.0019 3.907 0.299 0.2915 0.0139 1649 79 1687 35 2.2 1687 35 2.1%
Horn-B1 70 893 304 0.0726 0.0019 0.563 0.091 0.0705 0.0042 439 26 1004 54 56.3 439 26 6.0%
Horn-B1 72 51173 68 0.1011 0.0019 3.799 0.234 0.2741 0.0112 1562 64 1644 34 5.0 1644 34 2.1%
Horn-B1 73 558 918 0.0893 0.0028 0.638 0.097 0.0699 0.0023 435 14 1410 59 69.1 435 14 3.3%
Horn-B1 74 -352899 40 0.0783 0.0015 1.892 0.154 0.1722 0.0116 1024 69 1155 39 11.3 1155 39 3.4%
Horn-B1 76 -1268 55 0.1052 0.0020 4.495 0.244 0.3113 0.0099 1747 56 1718 35 -1.7 1718 35 2.0%
Horn-B1 77 -154553 55 0.0735 0.0015 1.825 0.122 0.1791 0.0079 1062 47 1029 40 -3.2 1029 40 3.9%
Horn-B1 78 3430 232 0.0577 0.0011 0.578 0.032 0.0708 0.0026 441 16 519 41 15.1 441 16 3.7%
Horn-B1 89 988 76 0.0959 0.0017 3.511 0.238 0.2651 0.0134 1516 77 1546 34 2.0 1546 34 2.2%
Horn-B1 90 1623 53 0.0942 0.0019 3.123 0.162 0.2451 0.0064 1413 37 1511 39 6.5 1511 39 2.6%
Horn-B1 91 2236 164 0.1085 0.0020 4.551 0.242 0.3021 0.0101 1702 57 1774 33 4.1 1774 33 1.9%
Horn-B1 94 45917 135 0.0768 0.0014 1.878 0.102 0.1789 0.0054 1061 32 1117 37 5.1 1117 37 3.3%
Horn-B1 95 61 120 0.1038 0.0020 4.472 0.249 0.3035 0.0103 1709 58 1693 35 -0.9 1693 35 2.1%
Horn-B1 96 -658 80 0.1020 0.0019 4.039 0.242 0.2934 0.0105 1658 59 1662 34 0.2 1662 34 2.0%
Horn-B1 97 7074 19 0.0934 0.0020 3.319 0.211 0.2627 0.0097 1504 55 1496 40 -0.5 1496 40 2.6%
Horn-B1 100 -1551 122 0.0897 0.0019 3.240 0.213 0.2521 0.0092 1449 53 1419 41 -2.1 1419 41 2.9%
Horn-B1 107 -75530 89 0.0974 0.0014 3.791 0.245 0.2679 0.0105 1530 60 1575 27 2.9 1575 27 1.7%
Horn-B1 110 58114 127 0.1074 0.0015 4.195 0.355 0.2832 0.0163 1607 92 1755 26 8.4 1755 26 1.5%
Horn-B1 111 12684 39 0.1058 0.0017 4.026 0.293 0.2729 0.0108 1555 61 1728 30 10.0 1728 30 1.8%
Horn-B1 112 1916 78 0.1035 0.0016 4.093 0.267 0.2823 0.0090 1603 51 1687 28 5.0 1687 28 1.7%
Horn-B1 113 650 31 0.0934 0.0017 3.295 0.225 0.2484 0.0084 1430 48 1496 34 4.4 1496 34 2.3%
Horn-B1 114 -1610 203 0.0867 0.0013 2.952 0.206 0.2395 0.0100 1384 58 1353 28 -2.3 1353 28 2.1%
Horn-B1 115 3757 209 0.0746 0.0012 2.064 0.177 0.1889 0.0197 1115 116 1058 33 -5.4 1058 33 3.1%
Horn-B1 116 96056 72 0.1040 0.0026 3.892 0.279 0.2732 0.0105 1557 60 1696 46 8.2 1696 46 2.7%
Horn-B1 117 4691 73 0.0974 0.0016 3.709 0.336 0.2692 0.0184 1537 105 1575 30 2.4 1575 30 1.9%
Horn-B1 118 254 79 0.0881 0.0021 2.636 0.194 0.2333 0.0107 1352 62 1384 45 2.3 1384 45 3.3%
Horn-B1 119 1308 191 0.0626 0.0016 0.564 0.064 0.0706 0.0036 440 23 695 55 36.7 440 23 5.2%
Horn-B1 121 4442 224 0.0744 0.0011 1.597 0.096 0.1565 0.0046 937 28 1053 30 11.0 1053 30 2.8%
Horn-B1 127 201668 169 0.1033 0.0023 4.177 0.255 0.2955 0.0073 1669 41 1684 41 0.9 1684 41 2.4%
Horn-B1 128 3012 60 0.0744 0.0016 1.651 0.103 0.1633 0.0051 975 30 1052 44 7.3 1052 44 4.2%
Horn-B1 129 -7719 164 0.0897 0.0014 2.984 0.265 0.2275 0.0198 1321 115 1419 29 6.9 1419 29 2.0%
Horn-B1 130 2746 121 0.0748 0.0011 1.744 0.106 0.1592 0.0047 953 28 1064 30 10.5 1064 30 2.9%
Horn-B1 131 43227 59 0.0747 0.0011 1.938 0.113 0.1807 0.0038 1071 22 1060 30 -1.0 1060 30 2.9%
Horn-B1 136 -1793225 108 0.0907 0.0013 2.934 0.240 0.2353 0.0123 1362 71 1441 28 5.5 1441 28 1.9%
Horn-B1 137 -177 44 0.0803 0.0017 2.411 0.145 0.1995 0.0090 1173 53 1205 42 2.7 1205 42 3.5%
Horn-B1 138 1291 55 0.0717 0.0013 1.641 0.107 0.1624 0.0048 970 28 976 36 0.6 976 36 3.7%
Horn-B1 140 -628891 63 0.0920 0.0016 3.075 0.183 0.2412 0.0048 1393 28 1468 32 5.1 1468 32 2.2%
Horn-B1 141 26306 699 0.1147 0.0020 5.059 0.303 0.3293 0.0078 1835 43 1875 31 2.1 1875 31 1.7%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B3 8 1376 175 0.1015 0.0012 3.779 0.128 0.2645 0.0160 1513 92 1651 22 8.4 1651 22 1.3%
Horn-B3 9 -76 86 0.1026 0.0011 4.293 0.144 0.2983 0.0132 1683 74 1672 20 -0.7 1672 20 1.2%
Horn-B3 10 -8654 468 0.0773 0.0024 2.009 0.088 0.1885 0.0050 1113 29 1129 61 1.4 1129 61 5.4%
Horn-B3 11 24842 58 0.1071 0.0062 4.199 0.140 0.2904 0.0118 1643 67 1750 106 6.1 1750 106 6.1%
Horn-B3 12 1528 39 0.0726 0.0012 1.650 0.068 0.1605 0.0073 959 44 1003 33 4.4 1003 33 3.3%
Horn-B3 13 37230 117 0.0779 0.0009 2.080 0.064 0.1901 0.0073 1122 43 1143 22 1.8 1143 22 1.9%
Horn-B3 14 647 59 0.1008 0.0013 3.824 0.293 0.2802 0.0171 1592 97 1638 24 2.8 1638 24 1.4%
Horn-B3 15 731 48 0.0987 0.0015 3.980 0.196 0.2956 0.0112 1670 64 1600 28 -4.3 1600 28 1.7%
Horn-B3 16 79 14 0.2008 0.0022 15.289 0.550 0.5513 0.0220 2830 113 2832 18 0.1 2832 18 0.6%
Horn-B3 18 871 47 0.0719 0.0009 1.618 0.067 0.1616 0.0067 966 40 983 26 1.7 983 26 2.6%
Horn-B3 19 964 95 0.1014 0.0010 4.070 0.169 0.2970 0.0112 1676 63 1651 19 -1.6 1651 19 1.2%
Horn-B3 25 -215926 18 0.1088 0.0017 4.509 0.640 0.3146 0.0278 1763 156 1780 29 0.9 1780 29 1.6%
Horn-B3 26 501 64 0.0823 0.0017 2.579 0.144 0.2221 0.0088 1293 51 1253 40 -3.2 1253 40 3.2%
Horn-B3 27 17828 63 0.0814 0.0015 2.097 0.179 0.1991 0.0081 1170 47 1232 36 5.0 1232 36 2.9%
Horn-B3 28 31918 95 0.1004 0.0010 4.093 0.164 0.2956 0.0130 1670 74 1632 18 -2.3 1632 18 1.1%
Horn-B3 29 458317 302 0.1004 0.0009 4.030 0.223 0.2903 0.0169 1643 96 1632 17 -0.6 1632 17 1.0%
Horn-B3 30 3929 121 0.0782 0.0009 1.968 0.163 0.1885 0.0098 1113 58 1153 23 3.4 1153 23 2.0%
Horn-B3 31 312 45 0.1023 0.0011 4.000 0.158 0.2846 0.0116 1614 66 1666 19 3.1 1666 19 1.1%
Horn-B3 32 37496 294 0.0995 0.0018 3.175 0.220 0.2380 0.0159 1376 92 1614 33 14.7 1614 33 2.1%
Horn-B3 33 2787 86 0.0995 0.0012 3.850 0.206 0.2830 0.0143 1606 81 1614 23 0.5 1614 23 1.4%
Horn-B3 34 11673 217 0.1028 0.0010 4.033 0.126 0.2934 0.0076 1659 43 1676 17 1.0 1676 17 1.0%
Horn-B3 35 -3311 64 0.0945 0.0012 3.403 0.272 0.2573 0.0215 1476 123 1519 24 2.8 1519 24 1.6%
Horn-B3 36 -2631 167 0.1063 0.0069 3.954 0.165 0.2897 0.0126 1640 71 1737 120 5.6 1737 120 6.9%
Horn-B3 37 2656 54 0.1004 0.0010 3.981 0.172 0.2938 0.0112 1661 64 1631 18 -1.8 1631 18 1.1%
Horn-B3 38 888 92 0.0737 0.0008 1.731 0.064 0.1650 0.0054 985 32 1032 23 4.6 1032 23 2.2%
Horn-B3 39 -4192 348 0.0558 0.0008 0.530 0.031 0.0695 0.0039 433 24 444 32 2.4 433 24 5.6%
Horn-B3 40 656 70 0.0993 0.0013 3.774 0.169 0.2767 0.0130 1575 74 1612 25 2.3 1612 25 1.6%
Horn-B3 45 19956 312 0.0632 0.0007 0.887 0.026 0.1031 0.0031 633 19 715 24 11.5 633 19 3.1%
Horn-B3 46 6408 150 0.0977 0.0009 3.324 0.208 0.2537 0.0141 1457 81 1581 17 7.8 1581 17 1.1%
Horn-B3 47 -7064 111 0.1022 0.0014 3.879 0.298 0.2873 0.0123 1628 70 1665 26 2.2 1665 26 1.5%
Horn-B3 48 34042 176 0.0768 0.0007 2.017 0.117 0.1920 0.0109 1132 64 1116 19 -1.4 1116 19 1.7%
Horn-B3 49 2776 25 0.0742 0.0013 1.801 0.072 0.1720 0.0068 1023 40 1047 34 2.3 1047 34 3.3%
Horn-B3 50 -7632 150 0.1015 0.0011 4.094 0.260 0.2891 0.0195 1637 111 1652 20 0.9 1652 20 1.2%
Horn-B3 51 497 23 0.0749 0.0024 1.794 0.204 0.1733 0.0131 1030 78 1065 64 3.2 1065 64 6.0%
Horn-B3 52 4699 250 0.0934 0.0012 3.253 0.221 0.2552 0.0174 1465 100 1496 23 2.1 1496 23 1.6%
Horn-B3 53 -2724 53 0.1016 0.0010 4.033 0.188 0.2876 0.0142 1630 80 1654 18 1.5 1654 18 1.1%
Horn-B3 54 11817 20 0.0701 0.0013 1.472 0.099 0.1559 0.0080 934 48 932 38 -0.1 932 38 4.0%
Horn-B3 55 12 31 0.0772 0.0019 2.100 0.109 0.1994 0.0107 1172 63 1127 50 -4.0 1127 50 4.4%
Horn-B3 57 4922 28 0.0999 0.0018 3.546 0.623 0.2693 0.0289 1537 165 1623 34 5.3 1623 34 2.1%
Horn-B3 58 54763 334 0.0691 0.0006 1.475 0.073 0.1504 0.0093 903 56 902 18 -0.1 902 18 2.0%
Horn-B3 59 3529 130 0.0988 0.0010 3.856 0.200 0.2804 0.0166 1593 94 1601 20 0.5 1601 20 1.2%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B3 60 11803 130 0.1021 0.0011 4.151 0.182 0.2918 0.0157 1650 89 1663 21 0.8 1663 21 1.3%
Horn-B3 65 2614 316 0.0924 0.0009 2.992 0.250 0.2303 0.0161 1336 93 1476 18 9.5 1476 18 1.2%
Horn-B3 66 -1858 74 0.1003 0.0010 4.149 0.157 0.2941 0.0136 1662 77 1630 19 -1.9 1630 19 1.2%
Horn-B3 67 2674 38 0.1016 0.0010 3.931 0.208 0.2704 0.0181 1543 103 1654 18 6.7 1654 18 1.1%
Horn-B3 68 -529 7 0.0977 0.0018 3.737 0.193 0.2723 0.0138 1553 78 1581 34 1.8 1581 34 2.1%
Horn-B3 69 13164 51 0.0957 0.0011 3.052 0.164 0.2306 0.0116 1337 67 1542 21 13.3 1542 21 1.4%
Horn-B3 70 -7784 170 0.0891 0.0012 2.718 0.263 0.2296 0.0126 1332 73 1407 27 5.3 1407 27 1.9%
Horn-B3 72 10283 54 0.1042 0.0018 3.959 0.294 0.2939 0.0153 1661 87 1701 31 2.3 1701 31 1.8%
Horn-B3 73 1254 29 0.1018 0.0015 3.787 0.229 0.2963 0.0101 1673 57 1657 27 -1.0 1657 27 1.6%
Horn-B3 74 -1302 72 0.0746 0.0013 1.685 0.284 0.1671 0.0265 996 158 1057 36 5.8 1057 36 3.4%
Horn-B3 75 831 45 0.0828 0.0012 2.398 0.106 0.2054 0.0109 1204 64 1264 29 4.7 1264 29 2.3%
Horn-B3 76 4055 235 0.0906 0.0034 3.593 1.220 0.2240 0.0297 1303 173 1438 72 9.4 1438 72 5.0%
Horn-B3 77 492 43 0.0784 0.0009 2.124 0.113 0.1971 0.0104 1159 61 1158 23 -0.1 1158 23 2.0%
Horn-B3 78 1471 72 0.0702 0.0014 1.520 0.111 0.1522 0.0192 914 115 933 42 2.1 933 42 4.5%
Horn-B3 79 10218 78 0.0742 0.0009 1.828 0.085 0.1805 0.0075 1070 45 1047 26 -2.2 1047 26 2.4%
Horn-B3 85 844 40 0.0737 0.0012 1.769 0.050 0.1759 0.0048 1045 29 1032 33 -1.2 1032 33 3.2%
Horn-B3 86 16536 32 0.1029 0.0014 4.088 0.203 0.2928 0.0133 1655 75 1676 24 1.3 1676 24 1.5%
Horn-B3 88 1350 60 0.0775 0.0010 1.981 0.101 0.1913 0.0079 1128 47 1133 26 0.4 1133 26 2.3%
Horn-B3 89 -3382 44 0.0992 0.0015 4.015 0.313 0.2836 0.0342 1610 194 1608 28 -0.1 1608 28 1.8%
Horn-B3 91 1426 96 0.1253 0.0114 5.626 0.130 0.3406 0.0120 1890 66 2033 161 7.1 2033 161 7.9%
Horn-B3 92 41752 85 0.0923 0.0010 3.255 0.190 0.2647 0.0124 1514 71 1473 20 -2.8 1473 20 1.4%
Horn-B3 93 9758 505 0.0788 0.0010 2.118 0.060 0.1931 0.0058 1138 34 1167 24 2.5 1167 24 2.1%
Horn-B3 94 -4155 52 0.1010 0.0011 3.854 0.238 0.2922 0.0143 1653 81 1643 20 -0.6 1643 20 1.2%
Horn-B3 95 -1770 64 0.1017 0.0010 4.069 0.189 0.2928 0.0129 1655 73 1656 17 0.0 1656 17 1.0%
Horn-B3 96 907 77 0.1017 0.0011 4.022 0.171 0.2886 0.0126 1634 71 1654 19 1.2 1654 19 1.2%
Horn-B3 97 1875 107 0.0782 0.0008 2.049 0.080 0.1980 0.0062 1164 37 1151 19 -1.2 1151 19 1.7%
Horn-B3 98 1270 33 0.0717 0.0025 1.212 0.148 0.1475 0.0065 887 39 979 70 9.4 887 39 4.4%
Horn-B3 99 1182 64 0.0858 0.0013 2.747 0.086 0.2358 0.0062 1365 36 1333 30 -2.4 1333 30 2.3%
Horn-B3 100 28609 50 0.1007 0.0012 3.890 0.239 0.2907 0.0131 1645 74 1636 23 -0.5 1636 23 1.4%
Horn-B3 106 -22 20 0.1205 0.0052 4.086 0.449 0.3305 0.0181 1841 101 1964 76 6.3 1964 76 3.9%
Horn-B3 107 77981 326 0.0876 0.0009 2.980 0.082 0.2419 0.0103 1397 60 1375 21 -1.6 1375 21 1.5%
Horn-B3 108 4973 308 0.1032 0.0008 4.003 0.267 0.2935 0.0151 1659 86 1683 14 1.4 1683 14 0.9%
Horn-B3 110 9431 100 0.0724 0.0007 1.693 0.070 0.1697 0.0058 1010 35 997 20 -1.3 997 20 2.0%
Horn-B3 111 3830 24 0.0804 0.0013 2.367 0.093 0.2167 0.0053 1264 31 1208 32 -4.7 1208 32 2.6%
Horn-B3 113 2982 148 0.0967 0.0009 3.660 0.171 0.2809 0.0095 1596 54 1561 17 -2.2 1561 17 1.1%
Horn-B3 114 16941 116 0.0927 0.0008 3.093 0.203 0.2436 0.0155 1406 89 1481 17 5.1 1481 17 1.1%
Horn-B3 115 47520 112 0.0800 0.0009 2.243 0.166 0.2025 0.0156 1189 92 1198 23 0.8 1198 23 1.9%
Horn-B3 116 6302 98 0.1078 0.0011 4.127 0.114 0.2768 0.0056 1575 32 1762 18 10.6 1762 18 1.0%
Horn-B3 117 -8555 238 0.0930 0.0009 3.342 0.233 0.2681 0.0143 1531 82 1489 17 -2.9 1489 17 1.2%
Horn-B3 118 9373 49 0.1014 0.0010 3.970 0.317 0.2887 0.0210 1635 119 1649 19 0.9 1649 19 1.1%
Horn-B3 119 -2372 140 0.1006 0.0010 3.870 0.227 0.2820 0.0141 1602 80 1634 19 2.0 1634 19 1.1%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B3 120 4577 25 0.0693 0.0012 1.544 0.085 0.1543 0.0093 925 56 907 34 -2.1 907 34 3.8%
Horn-B3 121 5039 59 0.1036 0.0013 4.141 0.131 0.2827 0.0071 1605 40 1689 23 5.0 1689 23 1.4%
Horn-B3 123 42834 217 0.0735 0.0009 1.673 0.086 0.1700 0.0057 1012 34 1028 25 1.5 1028 25 2.4%
Horn-B3 124 21198 50 0.1041 0.0011 3.844 0.177 0.2869 0.0066 1626 37 1699 20 4.3 1699 20 1.2%
Horn-B3 125 1694 52 0.1784 0.0013 11.490 0.538 0.4571 0.0229 2427 122 2638 13 8.0 2638 13 0.5%
Horn-B3 126 224 78 0.1022 0.0009 3.929 0.288 0.2827 0.0183 1605 104 1664 16 3.5 1664 16 1.0%
Horn-B3 127 2176 237 0.0996 0.0008 3.708 0.205 0.2693 0.0146 1537 83 1616 15 4.9 1616 15 0.9%
Horn-B3 128 5096 89 0.0569 0.0008 0.565 0.033 0.0708 0.0045 441 28 486 32 9.3 441 28 6.3%
Horn-B3 129 5946 44 0.0761 0.0009 2.021 0.128 0.1883 0.0125 1112 74 1096 24 -1.4 1096 24 2.2%
Horn-B3 130 8733 54 0.0762 0.0011 1.772 0.060 0.1716 0.0035 1021 21 1101 30 7.2 1101 30 2.7%
Horn-B3 131 -188 54 0.1014 0.0010 3.918 0.129 0.2871 0.0067 1627 38 1649 18 1.3 1649 18 1.1%
Horn-B3 132 16991 89 0.1021 0.0009 3.758 0.169 0.2662 0.0108 1521 62 1662 16 8.5 1662 16 1.0%
Horn-B3 133 5711 659 0.0952 0.0012 3.059 0.174 0.2530 0.0144 1454 83 1532 23 5.1 1532 23 1.5%
Horn-B3 134 3106 94 0.1041 0.0010 4.300 0.322 0.3046 0.0187 1714 105 1698 17 -1.0 1698 17 1.0%
Horn-B3 135 -3753 110 0.0700 0.0008 1.528 0.051 0.1626 0.0036 971 21 927 23 -4.7 927 23 2.5%
Horn-B3 136 4530 94 0.1007 0.0008 3.946 0.152 0.2796 0.0108 1589 61 1637 15 2.9 1637 15 0.9%
Horn-B3 137 -239754 38 0.1027 0.0016 3.610 0.180 0.2794 0.0061 1589 35 1674 30 5.1 1674 30 1.8%
Horn-B3 138 116 26 0.0739 0.0021 1.531 0.117 0.1729 0.0055 1028 33 1037 57 0.9 1037 57 5.5%
Horn-B3 140 372 16 0.0816 0.0014 2.159 0.101 0.2036 0.0050 1195 29 1236 34 3.3 1236 34 2.7%
Horn-B3 141 2303 202 0.0959 0.0011 3.635 0.128 0.2588 0.0064 1484 37 1545 21 4.0 1545 21 1.4%
Horn-B3 142 -1440 523 0.0624 0.0027 0.823 0.021 0.1013 0.0016 622 10 689 91 9.7 622 10 1.6%
Horn-B5 9 719 44 0.0933 0.0012 3.096 0.302 0.2423 0.0224 1399 129 1493 25 6.3 1493 25 1.7%
Horn-B5 10 4348 70 0.0745 0.0009 1.672 0.100 0.1683 0.0075 1003 45 1056 25 5.0 1056 25 2.4%
Horn-B5 11 72034 117 0.0947 0.0011 3.222 0.464 0.2513 0.0298 1445 172 1522 22 5.0 1522 22 1.4%
Horn-B5 12 4069 60 0.0889 0.0012 2.701 0.085 0.2221 0.0051 1293 30 1403 25 7.8 1403 25 1.8%
Horn-B5 13 4127 80 0.1068 0.0055 3.874 0.138 0.2854 0.0067 1619 38 1746 95 7.3 1746 95 5.4%
Horn-B5 14 4887 286 0.0992 0.0010 3.646 0.199 0.2569 0.0110 1474 63 1609 19 8.4 1609 19 1.2%
Horn-B5 15 1984 180 0.0562 0.0007 0.504 0.022 0.0663 0.0021 414 13 462 27 10.4 414 13 3.2%
Horn-B5 17 -461 208 0.0673 0.0012 0.542 0.062 0.0665 0.0037 415 23 846 36 50.9 415 23 5.5%
Horn-B5 18 1014 180 0.0621 0.0010 0.529 0.021 0.0660 0.0013 412 8 679 33 39.3 412 8 2.0%
Horn-B5 19 21542 131 0.0928 0.0009 3.132 0.136 0.2490 0.0088 1433 51 1483 18 3.4 1483 18 1.2%
Horn-B5 20 11 5 0.0628 0.0035 0.537 0.160 0.0759 0.0039 472 24 702 120 32.8 472 24 5.2%
Horn-B5 25 36459 311 0.0565 0.0007 0.508 0.037 0.0676 0.0035 422 22 471 26 10.5 422 22 5.3%
Horn-B5 26 -1929 394 0.0572 0.0007 0.508 0.028 0.0648 0.0032 405 20 500 27 19.1 405 20 4.9%
Horn-B5 27 13709 822 0.0596 0.0007 0.526 0.023 0.0642 0.0027 401 17 589 24 31.8 401 17 4.3%
Horn-B5 28 8 11 0.0683 0.0021 1.520 0.091 0.1478 0.0100 888 60 877 64 -1.3 888 60 6.8%
Horn-B5 30 3773 148 0.0732 0.0010 1.622 0.089 0.1659 0.0043 989 26 1020 28 3.0 1020 28 2.8%
Horn-B5 31 7214 81 0.1036 0.0015 4.038 0.354 0.2990 0.0139 1687 79 1690 27 0.2 1690 27 1.6%
Horn-B5 32 4017 524 0.0565 0.0006 0.523 0.025 0.0682 0.0027 425 17 473 24 10.0 425 17 3.9%
Horn-B5 33 -306 58 0.0889 0.0012 2.828 0.130 0.2246 0.0101 1306 59 1402 25 6.8 1402 25 1.8%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B5 34 -961 96 0.0571 0.0009 0.464 0.033 0.0630 0.0028 394 18 494 34 20.2 394 18 4.5%
Horn-B5 35 6553 898 0.0570 0.0007 0.625 0.020 0.0765 0.0022 475 14 492 26 3.4 475 14 2.9%
Horn-B5 36 10147 25 0.1053 0.0015 3.866 0.146 0.2757 0.0063 1569 36 1720 26 8.7 1720 26 1.5%
Horn-B5 37 155 155 0.0550 0.0011 0.491 0.042 0.0666 0.0037 416 23 410 44 -1.3 416 23 5.5%
Horn-B5 38 8188 1284 0.0882 0.0009 2.460 0.131 0.2101 0.0062 1230 37 1387 21 11.4 1387 21 1.5%
Horn-B5 40 4365 820 0.0607 0.0008 0.589 0.036 0.0691 0.0055 431 34 629 28 8.4 431 34 7.9%
Horn-B5 45 58306 222 0.1021 0.0012 3.584 0.126 0.2552 0.0078 1465 45 1663 22 11.9 1663 22 1.3%
Horn-B5 46 47543 221 0.0554 0.0008 0.527 0.020 0.0661 0.0042 412 26 429 34 3.8 412 26 6.3%
Horn-B5 47 26332 95 0.0778 0.0009 2.055 0.059 0.1910 0.0036 1127 21 1143 24 1.4 1143 24 2.1%
Horn-B5 49 961 69 0.0606 0.0017 0.504 0.066 0.0634 0.0037 396 23 626 59 36.6 396 23 5.9%
Horn-B5 50 28451 441 0.0564 0.0006 0.575 0.031 0.0751 0.0033 467 20 469 25 0.4 467 20 4.4%
Horn-B5 51 12919 265 0.0584 0.0007 0.509 0.030 0.0677 0.0022 422 14 544 28 22.4 422 14 3.2%
Horn-B5 52 -2345 245 0.0560 0.0008 0.501 0.037 0.0679 0.0034 424 21 454 32 6.7 424 21 5.1%
Horn-B5 53 -11733 316 0.0993 0.0010 3.651 0.088 0.2635 0.0056 1508 32 1611 19 6.4 1611 19 1.2%
Horn-B5 55 1713 75 0.0924 0.0010 3.052 0.144 0.2372 0.0099 1372 57 1475 22 7.0 1475 22 1.5%
Horn-B5 57 3178 169 0.0736 0.0008 1.780 0.077 0.1769 0.0061 1050 36 1030 23 -1.9 1030 23 2.2%
Horn-B5 58 536 109 0.0555 0.0010 0.485 0.046 0.0651 0.0044 407 28 431 39 5.7 407 28 6.8%
Horn-B5 59 -69 33 0.1840 0.0020 12.321 0.448 0.4767 0.0173 2513 91 2689 18 6.5 2689 18 0.7%
Horn-B5 60 2392 288 0.0573 0.0009 0.562 0.047 0.0744 0.0034 463 21 503 34 8.0 463 21 4.6%
Horn-B5 65 149928 309 0.0978 0.0010 3.210 0.228 0.2383 0.0154 1378 89 1582 19 12.9 1582 19 1.2%
Horn-B5 66 22445 189 0.0873 0.0010 2.708 0.109 0.2321 0.0055 1345 32 1368 22 1.6 1368 22 1.6%
Horn-B5 67 28600 72 0.1008 0.0010 3.826 0.130 0.2749 0.0077 1565 44 1639 19 4.5 1639 19 1.2%
Horn-B5 68 4752 984 0.0561 0.0008 0.545 0.018 0.0700 0.0013 436 8 456 31 4.4 436 8 1.8%
Horn-B5 69 14281 113 0.0975 0.0011 3.526 0.132 0.2523 0.0064 1450 37 1578 21 8.1 1578 21 1.3%
Horn-B5 70 110 68 0.0669 0.0016 0.565 0.060 0.0672 0.0034 419 21 834 50 49.8 419 21 5.1%
Horn-B5 71 9428 76 0.0853 0.0013 2.416 0.077 0.2016 0.0047 1184 27 1323 30 10.5 1323 30 2.3%
Horn-B5 72 10466 221 0.1010 0.0010 3.742 0.170 0.2710 0.0105 1546 60 1642 18 5.9 1642 18 1.1%
Horn-B5 73 -7215 89 0.1004 0.0012 3.543 0.343 0.2552 0.0241 1465 138 1632 21 10.2 1632 21 1.3%
Horn-B5 74 2332 125 0.0569 0.0010 0.479 0.034 0.0659 0.0024 411 15 488 39 15.7 411 15 3.6%
Horn-B5 75 5969 198 0.0794 0.0010 2.163 0.153 0.1974 0.0109 1161 64 1182 25 1.8 1182 25 2.1%
Horn-B5 76 3487 126 0.0779 0.0009 1.838 0.115 0.1775 0.0080 1053 48 1144 23 7.9 1144 23 2.0%
Horn-B5 77 4015 92 0.1142 0.0015 4.919 0.158 0.3150 0.0075 1765 42 1867 23 5.4 1867 23 1.2%
Horn-B5 78 -2504 248 0.0568 0.0010 0.588 0.043 0.0746 0.0052 464 33 484 40 4.1 464 33 7.0%
Horn-B5 79 -1552 75 0.1034 0.0037 3.641 0.169 0.2657 0.0101 1519 58 1686 66 9.9 1686 66 3.9%
Horn-B5 80 -23072 337 0.0991 0.0009 3.385 0.195 0.2504 0.0132 1441 76 1607 18 10.3 1607 18 1.1%
Horn-B5 85 3712 31 0.1890 0.0037 11.574 0.900 0.4362 0.0373 2334 199 2733 32 14.6 2733 32 1.2%
Horn-B5 86 168671 289 0.1002 0.0012 3.357 0.180 0.2458 0.0105 1417 60 1627 22 13.0 1627 22 1.3%
Horn-B5 87 415 54 0.0870 0.0015 2.708 0.102 0.2352 0.0068 1362 39 1361 33 0.0 1361 33 2.5%
Horn-B5 89 -6539 466 0.0554 0.0005 0.514 0.027 0.0669 0.0034 417 21 427 22 2.3 417 21 5.1%
Horn-B5 91 29558 479 0.1094 0.0010 4.958 0.153 0.3214 0.0093 1796 52 1790 17 -0.4 1790 17 0.9%
Horn-B5 92 -714 219 0.0998 0.0012 3.204 0.107 0.2336 0.0059 1353 34 1619 23 16.4 1619 23 1.4%
188
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-B5 93 3427 103 0.1008 0.0013 3.819 0.155 0.2703 0.0117 1542 67 1640 24 6.0 1640 24 1.5%
Horn-B5 94 203 49 0.0923 0.0013 3.116 0.293 0.2460 0.0206 1418 119 1473 27 3.7 1473 27 1.8%
Horn-B5 96 329 32 0.0741 0.0014 1.825 0.081 0.1737 0.0066 1032 39 1045 38 1.2 1045 38 3.6%
Horn-B5 97 419 40 0.1123 0.0026 1.037 0.049 0.0679 0.0019 424 12 1837 41 76.9 424 12 2.8%
Horn-B5 98 -175 69 0.0845 0.0012 2.561 0.123 0.2187 0.0080 1275 47 1303 27 2.2 1303 27 2.1%
Horn-B5 99 18168 112 0.0785 0.0011 1.842 0.114 0.1761 0.0049 1046 29 1159 28 9.7 1159 28 2.4%
Horn-B5 106 -4682 81 0.0935 0.0014 2.928 0.197 0.2283 0.0134 1326 78 1499 28 11.5 1499 28 1.9%
Horn-B5 107 956 51 0.0772 0.0009 1.975 0.080 0.1864 0.0062 1102 36 1126 23 2.1 1126 23 2.0%
Horn-B5 108 816 106 0.0745 0.0008 1.785 0.038 0.1741 0.0032 1035 19 1055 22 1.9 1055 22 2.1%
Horn-B5 109 1563 19 0.1076 0.0040 3.563 0.470 0.2663 0.0444 1522 254 1759 68 13.5 1759 68 3.8%
Horn-B5 110 310522 189 0.1069 0.0080 4.176 0.190 0.2929 0.0098 1656 55 1747 138 5.2 1747 138 7.9%
Horn-B5 111 19308 71 0.1214 0.0128 3.818 0.173 0.2785 0.0078 1584 44 1977 188 19.9 1977 188 9.5%
Horn-B5 112 24630 14 0.0783 0.0016 1.730 0.197 0.1844 0.0096 1091 57 1154 42 5.5 1154 42 3.6%
Horn-B5 114 22469 246 0.0553 0.0006 0.499 0.043 0.0657 0.0053 410 33 426 26 3.7 410 33 8.1%
Horn-B5 115 -578 74 0.0644 0.0018 0.456 0.053 0.0663 0.0017 414 11 755 60 45.3 414 11 2.6%
Horn-B5 117 3806 111 0.1019 0.0010 4.064 0.236 0.2862 0.0176 1622 100 1659 18 2.2 1659 18 1.1%
Horn-B5 118 -54 1 0.1383 0.0067 7.344 0.814 0.4204 0.0294 2262 158 2206 84 -2.6 2206 84 3.8%
Horn-B5 120 11371 281 0.0559 0.0006 0.526 0.027 0.0678 0.0034 423 21 448 25 5.5 423 21 5.0%
Horn-B5 121 1959 229 0.0977 0.0010 3.501 0.085 0.2606 0.0052 1493 30 1580 19 5.5 1580 19 1.2%
Horn-B5 126 2963 252 0.1010 0.0011 3.699 0.192 0.2597 0.0184 1488 106 1643 21 9.4 1643 21 1.3%
Horn-B5 127 35810 91 0.0800 0.0008 2.294 0.059 0.2126 0.0060 1243 35 1196 20 -3.9 1196 20 1.6%
Horn-B5 128 12025 530 0.0805 0.0017 2.165 0.074 0.1913 0.0077 1128 45 1210 42 6.8 1210 42 3.5%
Horn-B5 129 606 74 0.0739 0.0011 1.825 0.055 0.1785 0.0032 1059 19 1039 29 -1.9 1039 29 2.8%
Horn-B5 130 1112 123 0.0613 0.0013 0.497 0.045 0.0728 0.0017 453 10 651 45 30.4 453 10 2.3%
Horn-B5 131 772 78 0.1138 0.0012 4.718 0.256 0.3054 0.0143 1718 81 1861 19 7.7 1861 19 1.0%
Horn-B5 133 10570 16 0.1018 0.0019 3.292 0.249 0.2418 0.0115 1396 66 1657 34 15.8 1657 34 2.0%
Horn-B5 134 -4487 486 0.0573 0.0009 0.484 0.052 0.0657 0.0046 410 29 502 34 18.3 410 29 7.0%
Horn-B5 135 1273 46 0.0907 0.0015 2.675 0.088 0.2321 0.0050 1346 29 1441 31 6.6 1441 31 2.2%
Horn-B5 136 6107 85 0.1032 0.0014 3.820 0.331 0.2735 0.0196 1559 112 1682 24 7.3 1682 24 1.4%
Horn-B5 137 515 53 0.0605 0.0017 0.448 0.070 0.0675 0.0035 421 22 621 59 32.1 421 22 5.2%
Horn-B5 138 40621 140 0.1026 0.0011 3.817 0.080 0.2720 0.0053 1551 30 1671 19 7.2 1671 19 1.2%
Horn-B5 139 508 14 0.0785 0.0022 1.570 0.128 0.1716 0.0033 1021 20 1160 54 12.0 1160 54 4.7%
Horn-B5 140 14293 80 0.0751 0.0011 1.698 0.120 0.1711 0.0088 1018 52 1071 29 5.0 1071 29 2.7%
Horn-B5 141 13091 139 0.0562 0.0009 0.547 0.038 0.0688 0.0048 429 30 462 34 7.1 429 30 7.0%
Horn-D1 7 81359 334 0.0983 0.0011 3.415 0.132 0.2505 0.0097 1441 56 1592 21 9.5 1592 21 1.3%
Horn-D1 8 12553 82 0.0792 0.0010 2.314 0.057 0.2009 0.0036 1180 21 1176 25 -0.3 1176 25 2.2%
Horn-D1 9 33342 95 0.0733 0.0016 1.658 0.037 0.1629 0.0046 973 27 1024 44 4.9 1024 44 4.3%
Horn-D1 12 -3496 95 0.0712 0.0009 1.487 0.048 0.1490 0.0052 896 31 962 26 6.9 896 31 3.5%
Horn-D1 13 4 163 0.1010 0.0012 3.623 0.105 0.2647 0.0070 1514 40 1642 22 7.8 1642 22 1.3%
Horn-D1 14 1021 69 0.1011 0.0013 3.664 0.135 0.2666 0.0079 1523 45 1645 24 7.4 1645 24 1.5%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-D1 17 7130 342 0.0937 0.0013 2.960 0.057 0.2258 0.0060 1313 35 1503 27 12.7 1503 27 1.8%
Horn-D1 18 56357 67 0.1011 0.0012 3.735 0.072 0.2661 0.0056 1521 32 1645 23 7.5 1645 23 1.4%
Horn-D1 19 14674 97 0.0717 0.0009 1.576 0.029 0.1573 0.0029 942 17 976 27 3.6 976 27 2.7%
Horn-D1 23 402 19 0.0924 0.0026 2.402 0.243 0.2164 0.0090 1263 53 1475 54 14.4 1475 54 3.6%
Horn-D1 24 -124 9 0.1073 0.0028 3.608 0.167 0.3011 0.0079 1697 45 1753 48 3.2 1753 48 2.7%
Horn-D1 29 972 208 0.1019 0.0013 3.758 0.209 0.2731 0.0109 1557 62 1658 24 6.1 1658 24 1.4%
Horn-D1 30 876 166 0.0727 0.0009 1.629 0.032 0.1631 0.0030 974 18 1004 25 3.0 1004 25 2.5%
Horn-D1 37 715 36 0.0794 0.0016 1.915 0.047 0.1700 0.0073 1012 44 1183 39 14.4 1183 39 3.3%
Horn-D1 39 -48 57 0.0724 0.0011 1.492 0.060 0.1580 0.0041 946 25 996 30 5.1 996 30 3.0%
Horn-D1 42 -1647 69 0.0989 0.0013 3.813 0.159 0.2841 0.0096 1612 55 1604 24 -0.5 1604 24 1.5%
Horn-D1 44 -613407 93 0.0736 0.0010 1.858 0.038 0.1781 0.0028 1056 17 1031 28 -2.5 1031 28 2.7%
Horn-D1 45 3380 44 0.0979 0.0014 3.643 0.143 0.2790 0.0072 1586 41 1585 26 -0.1 1585 26 1.7%
Horn-D1 47 -145 26 0.0637 0.0021 0.556 0.094 0.0783 0.0030 486 18 733 71 33.7 486 18 3.8%
Horn-D1 48 32012 44 0.0991 0.0014 3.445 0.119 0.2530 0.0074 1454 43 1607 26 9.5 1607 26 1.6%
Horn-D1 49 29060 55 0.0737 0.0011 1.582 0.055 0.1615 0.0039 965 23 1034 29 6.7 1034 29 2.8%
Horn-D1 53 -770 42 0.0987 0.0013 4.049 0.085 0.2855 0.0055 1619 31 1600 24 -1.2 1600 24 1.5%
Horn-D1 54 6164 72 0.0798 0.0010 2.087 0.046 0.1854 0.0048 1096 28 1192 25 8.0 1192 25 2.1%
Horn-D1 55 -300454 29 0.1034 0.0014 3.768 0.183 0.2765 0.0085 1574 48 1686 26 6.6 1686 26 1.5%
Horn-D1 56 167 29 0.0703 0.0018 1.365 0.069 0.1401 0.0055 845 33 936 51 9.7 845 33 4.0%
Horn-D1 69 11889 100 0.1849 0.0022 11.500 0.234 0.4457 0.0082 2376 44 2697 20 11.9 2697 20 0.7%
Horn-D1 72 -890 66 0.0837 0.0021 1.770 0.210 0.1740 0.0090 1034 53 1286 48 19.6 1286 48 3.7%
Horn-D1 73 292 20 0.0737 0.0019 1.394 0.172 0.1468 0.0064 883 38 1032 52 14.4 883 38 4.4%
Horn-D1 74 633 227 0.0716 0.0011 1.421 0.063 0.1504 0.0034 903 20 976 31 7.4 976 31 3.1%
Horn-D1 75 687 163 0.0604 0.0013 0.557 0.036 0.0732 0.0016 455 10 617 45 26.2 455 10 2.2%
Horn-D1 76 -2383378 83 0.1011 0.0013 3.796 0.119 0.2682 0.0090 1532 51 1645 24 6.9 1645 24 1.4%
Horn-D1 79 3541 82 0.0980 0.0012 3.583 0.087 0.2633 0.0065 1507 37 1587 22 5.1 1587 22 1.4%
Horn-D1 80 167 17 0.0979 0.0025 3.171 0.206 0.2614 0.0059 1497 34 1585 47 5.6 1585 47 3.0%
Horn-D1 81 12618 43 0.0993 0.0013 3.959 0.073 0.2872 0.0050 1628 28 1611 24 -1.0 1611 24 1.5%
Horn-D1 82 13706 143 0.0804 0.0010 1.789 0.056 0.1621 0.0046 969 28 1207 25 19.8 1207 25 2.1%
Horn-D1 83 131440 65 0.1066 0.0016 4.186 0.126 0.2794 0.0102 1588 58 1742 27 8.8 1742 27 1.6%
Horn-D1 84 154721 418 0.0736 0.0009 1.872 0.031 0.1786 0.0034 1059 20 1030 24 -2.9 1030 24 2.3%
Horn-D1 85 -365 37 0.0618 0.0011 0.784 0.028 0.0922 0.0024 568 15 669 38 15.0 568 15 2.6%
Horn-D1 87 566 47 0.0943 0.0015 2.878 0.096 0.2272 0.0052 1320 30 1513 30 12.8 1513 30 2.0%
Horn-D1 88 2684 67 0.0865 0.0014 2.749 0.069 0.2270 0.0075 1319 44 1350 31 2.3 1350 31 2.3%
Horn-D1 89 -176 10 0.1033 0.0022 3.873 0.135 0.2782 0.0059 1582 33 1685 39 6.1 1685 39 2.3%
Horn-D1 97 11869 105 0.1014 0.0010 3.801 0.160 0.2777 0.0077 1580 44 1651 18 4.3 1651 18 1.1%
Horn-D1 98 -19 32 0.0717 0.0016 1.599 0.064 0.1596 0.0062 955 37 977 47 2.3 977 47 4.8%
Horn-D1 100 6116 365 0.0765 0.0007 1.928 0.043 0.1830 0.0036 1084 21 1108 17 2.2 1108 17 1.6%
Horn-D1 101 -23449 68 0.0581 0.0014 0.509 0.027 0.0668 0.0014 417 9 532 53 21.7 417 9 2.1%
Horn-D1 104 39220 38 0.0967 0.0012 3.191 0.083 0.2438 0.0052 1406 30 1562 24 10.0 1562 24 1.5%
Horn-D1 106 -1373 41 0.0741 0.0011 1.708 0.055 0.1618 0.0049 967 29 1044 31 7.4 1044 31 3.0%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-D1 108 1732 9 0.1110 0.0024 4.097 0.165 0.2973 0.0064 1678 36 1816 40 7.6 1816 40 2.2%
Horn-D1 109 389 45 0.0750 0.0010 1.593 0.077 0.1614 0.0050 964 30 1069 27 9.8 1069 27 2.5%
Horn-D1 110 589 40 0.0989 0.0010 3.675 0.095 0.2642 0.0063 1511 36 1603 19 5.7 1603 19 1.2%
Horn-D1 114 1511 34 0.1050 0.0014 3.847 0.090 0.2787 0.0045 1585 26 1714 25 7.5 1714 25 1.4%
Horn-D1 115 577 13 0.0738 0.0026 1.458 0.087 0.1457 0.0041 877 25 1035 72 15.3 877 25 2.8%
Horn-D1 116 2448 69 0.0741 0.0010 1.495 0.058 0.1513 0.0038 908 23 1044 27 13.0 1044 27 2.6%
Horn-D1 119 3679 78 0.1010 0.0011 3.996 0.164 0.2807 0.0134 1595 76 1643 21 2.9 1643 21 1.3%
Horn-D2 7 -72 17 0.0854 0.0016 2.652 0.097 0.2117 0.0153 1238 90 1326 37 6.6 1326 37 2.8%
Horn-D2 8 -1040 41 0.0723 0.0011 1.488 0.046 0.1481 0.0036 890 22 995 30 10.5 995 30 3.0%
Horn-D2 9 139719 418 0.1026 0.0008 3.827 0.115 0.2706 0.0078 1544 44 1671 14 7.6 1671 14 0.8%
Horn-D2 10 21419 81 0.1024 0.0009 3.772 0.093 0.2716 0.0056 1549 32 1668 17 7.1 1668 17 1.0%
Horn-D2 11 64444 136 0.1022 0.0010 3.983 0.093 0.2865 0.0055 1624 31 1665 18 2.5 1665 18 1.1%
Horn-D2 12 -1684 65 0.1019 0.0010 3.980 0.233 0.2814 0.0162 1598 92 1660 19 3.7 1660 19 1.1%
Horn-D2 13 1602 46 0.0977 0.0015 3.349 0.087 0.2504 0.0051 1441 29 1581 28 8.9 1581 28 1.8%
Horn-D2 14 -5230 98 0.1017 0.0009 4.276 0.109 0.3046 0.0071 1714 40 1655 17 -3.6 1655 17 1.0%
Horn-D2 15 3525 244 0.1022 0.0008 3.848 0.106 0.2749 0.0064 1566 36 1665 15 6.0 1665 15 0.9%
Horn-D2 16 14174 53 0.1014 0.0013 3.721 0.148 0.2712 0.0082 1547 47 1650 24 6.3 1650 24 1.5%
Horn-D2 17 2109 106 0.1001 0.0010 3.758 0.104 0.2815 0.0057 1599 32 1626 18 1.7 1626 18 1.1%
Horn-D2 18 11259 55 0.1012 0.0013 3.924 0.135 0.2772 0.0102 1577 58 1646 23 4.2 1646 23 1.4%
Horn-D2 19 3589 103 0.0952 0.0009 3.344 0.074 0.2549 0.0042 1464 24 1532 17 4.4 1532 17 1.1%
Horn-D2 20 8185 48 0.0728 0.0010 1.534 0.045 0.1549 0.0029 928 17 1009 28 8.0 1009 28 2.7%
Horn-D2 25 5780 73 0.0944 0.0010 3.159 0.155 0.2422 0.0117 1398 67 1515 19 7.7 1515 19 1.3%
Horn-D2 27 7228 64 0.0712 0.0009 1.495 0.046 0.1536 0.0037 921 22 962 26 4.2 962 26 2.7%
Horn-D2 28 334 29 0.0950 0.0012 3.245 0.081 0.2476 0.0045 1426 26 1529 25 6.7 1529 25 1.6%
Horn-D2 29 162 101 0.0771 0.0011 1.972 0.086 0.1852 0.0085 1096 50 1123 28 2.5 1123 28 2.5%
Horn-D2 30 3234 52 0.1029 0.0011 4.059 0.115 0.2793 0.0081 1588 46 1677 19 5.3 1677 19 1.2%
Horn-D2 32 20545 55 0.0797 0.0011 2.085 0.163 0.1890 0.0185 1116 109 1189 27 6.2 1189 27 2.3%
Horn-D2 34 1751 86 0.1015 0.0010 3.905 0.104 0.2882 0.0061 1633 35 1651 18 1.1 1651 18 1.1%
Horn-D2 35 23053 55 0.1017 0.0009 3.570 0.123 0.2630 0.0077 1505 44 1655 15 9.1 1655 15 0.9%
Horn-D2 37 -7390 242 0.0998 0.0008 3.800 0.077 0.2749 0.0059 1566 33 1620 16 3.3 1620 16 1.0%
Horn-D2 38 -318 10 0.0884 0.0020 2.467 0.123 0.2218 0.0050 1291 29 1391 43 7.2 1391 43 3.1%
Horn-D2 39 22636 48 0.1003 0.0011 3.737 0.094 0.2671 0.0064 1526 37 1629 20 6.3 1629 20 1.2%
Horn-D2 40 1174 41 0.1030 0.0012 3.624 0.118 0.2741 0.0050 1561 28 1678 22 7.0 1678 22 1.3%
Horn-D2 45 17969 74 0.0784 0.0014 1.951 0.077 0.1749 0.0073 1039 43 1157 35 10.2 1157 35 3.1%
Horn-D2 47 267 47 0.1039 0.0012 4.173 0.151 0.2881 0.0104 1632 59 1695 21 3.7 1695 21 1.2%
Horn-D2 49 -6905 160 0.0775 0.0008 1.951 0.061 0.1835 0.0052 1086 30 1134 20 4.2 1134 20 1.7%
Horn-D2 50 -6128 151 0.1066 0.0011 4.522 0.266 0.3098 0.0182 1740 102 1743 19 0.2 1743 19 1.1%
Horn-D2 52 3652 173 0.0977 0.0009 3.591 0.142 0.2657 0.0104 1519 60 1581 18 3.9 1581 18 1.1%
Horn-D2 53 1200 66 0.1032 0.0011 3.807 0.134 0.2690 0.0081 1536 46 1682 19 8.7 1682 19 1.1%
Horn-D2 54 32085 271 0.1021 0.0009 3.790 0.094 0.2760 0.0049 1571 28 1663 17 5.5 1663 17 1.0%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-D2 55 -2911 280 0.0772 0.0007 1.885 0.051 0.1785 0.0044 1059 26 1127 17 6.0 1127 17 1.5%
Horn-D2 57 6525 39 0.0679 0.0009 1.378 0.053 0.1466 0.0044 882 26 864 28 -2.0 882 26 3.0%
Horn-D2 58 -15720 54 0.0739 0.0010 1.666 0.064 0.1649 0.0049 984 29 1040 27 5.3 1040 27 2.6%
Horn-D2 65 4190 37 0.0717 0.0015 1.567 0.044 0.1521 0.0036 913 22 976 43 6.5 976 43 4.4%
Horn-D2 66 177 21 0.0859 0.0013 2.470 0.112 0.2076 0.0079 1216 46 1337 28 9.0 1337 28 2.1%
Horn-D2 67 -4879 137 0.0994 0.0014 3.926 0.113 0.2867 0.0071 1625 40 1613 27 -0.8 1613 27 1.7%
Horn-D2 68 9548 575 0.0926 0.0008 3.165 0.086 0.2478 0.0064 1427 37 1479 16 3.5 1479 16 1.1%
Horn-D2 70 15312 40 0.1039 0.0012 3.915 0.099 0.2728 0.0063 1555 36 1695 21 8.3 1695 21 1.3%
Horn-D2 71 -453 43 0.1013 0.0011 3.678 0.121 0.2691 0.0066 1536 38 1647 21 6.7 1647 21 1.3%
Horn-D2 72 1969 25 0.0797 0.0012 2.150 0.072 0.2012 0.0043 1182 25 1190 30 0.7 1190 30 2.5%
Horn-D2 73 4510 65 0.0786 0.0009 1.972 0.060 0.1875 0.0040 1108 24 1161 23 4.6 1161 23 2.0%
Horn-D2 74 4251 261 0.1009 0.0009 3.603 0.120 0.2621 0.0076 1501 43 1641 16 8.5 1641 16 1.0%
Horn-D2 75 5479 59 0.0809 0.0011 1.965 0.079 0.1925 0.0044 1135 26 1220 27 7.0 1220 27 2.2%
Horn-D2 76 66530 169 0.0725 0.0008 1.575 0.039 0.1568 0.0036 939 22 1000 21 6.1 1000 21 2.1%
Horn-D2 77 1622 87 0.0742 0.0009 1.745 0.068 0.1807 0.0048 1071 29 1047 23 -2.3 1047 23 2.2%
Horn-D2 78 284 20 0.0760 0.0021 1.490 0.097 0.1502 0.0043 902 26 1096 56 17.7 1096 56 5.1%
Horn-D2 79 39258 72 0.1015 0.0014 3.737 0.126 0.2640 0.0088 1510 50 1653 25 8.6 1653 25 1.5%
Horn-D2 90 445 51 0.0727 0.0010 1.732 0.045 0.1686 0.0042 1005 25 1006 27 0.1 1006 27 2.6%
Horn-D2 91 3213 63 0.1027 0.0012 3.890 0.101 0.2728 0.0071 1555 41 1673 22 7.0 1673 22 1.3%
Horn-D2 92 8153 28 0.0911 0.0014 3.181 0.089 0.2474 0.0064 1425 37 1449 29 1.6 1449 29 2.0%
Horn-D2 93 14533 86 0.1032 0.0011 3.680 0.114 0.2613 0.0073 1496 42 1682 20 11.1 1682 20 1.2%
Horn-D2 94 -1091 87 0.0752 0.0010 1.591 0.080 0.1524 0.0073 914 44 1075 27 14.9 1075 27 2.5%
Horn-D2 95 2945 157 0.1034 0.0011 3.982 0.131 0.2800 0.0088 1591 50 1686 19 5.6 1686 19 1.1%
Horn-D2 96 -2656 79 0.0782 0.0010 1.894 0.073 0.1826 0.0054 1081 32 1152 25 6.1 1152 25 2.2%
Horn-D2 97 27 55 0.0755 0.0011 1.796 0.078 0.1733 0.0063 1030 37 1082 29 4.8 1082 29 2.7%
Horn-D2 99 1476 57 0.1022 0.0016 3.822 0.137 0.2802 0.0090 1592 51 1664 29 4.3 1664 29 1.7%
Horn-D2 100 -874 44 0.0750 0.0013 1.633 0.074 0.1582 0.0054 947 32 1067 35 11.3 1067 35 3.3%
Horn-D2 101 350 19 0.1872 0.0025 13.043 0.462 0.5075 0.0169 2646 88 2718 22 2.6 2718 22 0.8%
Horn-D2 102 -310 35 0.1022 0.0014 3.872 0.125 0.2828 0.0070 1605 40 1664 25 3.5 1664 25 1.5%
Horn-D2 103 7682 51 0.1037 0.0035 3.950 0.107 0.2783 0.0069 1583 39 1691 61 6.4 1691 61 3.6%
Horn-D2 104 885 54 0.0930 0.0013 3.202 0.081 0.2465 0.0063 1420 36 1488 26 4.6 1488 26 1.7%
Horn-D2 105 4118 44 0.0671 0.0012 1.044 0.033 0.1140 0.0025 696 15 842 38 17.4 696 15 2.2%
Horn-D2 110 2574 143 0.0914 0.0012 3.084 0.076 0.2348 0.0078 1360 45 1456 25 6.6 1456 25 1.7%
Horn-D2 111 3561 36 0.0941 0.0014 3.090 0.125 0.2360 0.0088 1366 51 1511 29 9.6 1511 29 1.9%
Horn-D2 112 10169 123 0.0726 0.0009 1.591 0.059 0.1595 0.0055 954 33 1003 24 4.9 1003 24 2.4%
Horn-D2 113 -519 79 0.1014 0.0014 4.082 0.114 0.2925 0.0071 1654 40 1649 25 -0.3 1649 25 1.5%
Horn-D2 114 6697 39 0.0800 0.0012 2.105 0.062 0.1882 0.0044 1112 26 1196 29 7.1 1196 29 2.4%
Horn-D2 115 -284 53 0.1031 0.0013 3.974 0.113 0.2845 0.0075 1614 43 1681 23 4.0 1681 23 1.4%
Horn-D2 116 -588 39 0.1021 0.0018 3.890 0.114 0.2680 0.0085 1530 48 1662 33 7.9 1662 33 2.0%
Horn-D2 117 1574 61 0.0954 0.0012 3.512 0.129 0.2610 0.0105 1495 60 1536 24 2.7 1536 24 1.6%
Horn-D2 118 1082 131 0.1023 0.0011 3.788 0.113 0.2780 0.0073 1581 41 1666 19 5.1 1666 19 1.2%
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Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-D2 119 -7963 34 0.0939 0.0013 3.382 0.093 0.2570 0.0063 1475 36 1506 26 2.1 1506 26 1.7%
Horn-D2 120 -439 52 0.0773 0.0011 1.982 0.056 0.1843 0.0046 1091 27 1129 29 3.4 1129 29 2.6%
Horn-D2 121 -2537 78 0.1027 0.0013 3.965 0.157 0.2798 0.0118 1591 67 1674 24 5.0 1674 24 1.4%
Horn-D2 123 2446 15 0.0796 0.0017 2.526 0.094 0.2195 0.0077 1279 45 1187 43 -7.7 1187 43 3.6%
Horn-D2 125 15815 73 0.1002 0.0012 3.885 0.109 0.2833 0.0075 1608 43 1628 23 1.2 1628 23 1.4%
Horn-D2 130 4403 15 0.1009 0.0017 3.790 0.115 0.2709 0.0060 1545 34 1641 31 5.8 1641 31 1.9%
Horn-D2 131 238 31 0.1006 0.0013 3.969 0.129 0.2783 0.0094 1583 54 1635 25 3.2 1635 25 1.5%
Horn-D2 132 2113 13 0.0817 0.0017 2.169 0.080 0.1907 0.0048 1125 28 1239 40 9.2 1239 40 3.2%
Horn-D2 133 16350 39 0.1846 0.0028 11.673 0.254 0.4625 0.0118 2451 62 2695 25 9.1 2695 25 0.9%
Horn-D2 134 -763 41 0.1014 0.0012 3.756 0.157 0.2785 0.0099 1584 56 1651 23 4.1 1651 23 1.4%
Horn-D2 135 -760 111 0.0868 0.0011 2.891 0.081 0.2351 0.0064 1361 37 1357 25 -0.3 1357 25 1.9%
Horn-D2 136 3927 36 0.0754 0.0012 1.838 0.118 0.1909 0.0082 1126 48 1079 32 -4.4 1079 32 3.0%
Horn-D2 137 -2208 42 0.1003 0.0014 3.842 0.117 0.2841 0.0073 1612 41 1630 25 1.1 1630 25 1.5%
Horn-D2 138 -24462 55 0.0916 0.0012 2.924 0.076 0.2285 0.0057 1327 33 1459 25 9.1 1459 25 1.7%
Horn-D2 139 -320806 53 0.1032 0.0012 3.969 0.127 0.2826 0.0086 1604 49 1682 22 4.6 1682 22 1.3%
Horn-D2 140 208 15 0.0808 0.0017 2.085 0.096 0.1939 0.0058 1143 34 1217 41 6.1 1217 41 3.4%
Horn-D2 141 -567 128 0.1001 0.0014 3.757 0.115 0.2689 0.0085 1535 48 1627 26 5.6 1627 26 1.6%
Horn-D2 143 13652 96 0.0979 0.0012 3.267 0.099 0.2498 0.0074 1438 43 1584 22 9.2 1584 22 1.4%
Horn-D2 144 64 44 0.0796 0.0012 1.834 0.071 0.1771 0.0043 1051 26 1187 30 11.5 1187 30 2.5%
Horn-D2 145 29874 39 0.1000 0.0013 3.796 0.112 0.2763 0.0080 1573 45 1623 25 3.1 1623 25 1.5%
Horn-F0 8 4007 56 0.0917 0.0012 3.223 0.098 0.2439 0.0083 1407 48 1461 25 3.7 1461 25 1.7%
Horn-F0 13 -283 12 0.0810 0.0019 2.166 0.117 0.2030 0.0066 1192 39 1222 46 2.5 1222 46 3.7%
Horn-F0 15 -3177 73 0.0920 0.0013 2.524 0.130 0.2020 0.0081 1186 48 1468 28 19.2 1468 28 1.9%
Horn-F0 16 204 32 0.0955 0.0015 3.078 0.092 0.2440 0.0043 1407 25 1537 30 8.4 1537 30 2.0%
Horn-F0 19 -159 156 0.0827 0.0010 2.263 0.069 0.1958 0.0061 1153 36 1261 24 8.6 1261 24 1.9%
Horn-F0 20 -2128348 360 0.0575 0.0008 0.584 0.017 0.0754 0.0015 469 10 513 30 8.5 513 30 5.8%
Horn-F0 25 2977 52 0.0765 0.0011 1.821 0.078 0.1714 0.0069 1020 41 1107 30 7.9 1107 30 2.7%
Horn-F0 27 959 74 0.1007 0.0013 3.784 0.090 0.2780 0.0057 1581 32 1637 24 3.4 1637 24 1.4%
Horn-F0 28 -268 80 0.0769 0.0011 1.920 0.055 0.1789 0.0045 1061 27 1119 28 5.2 1119 28 2.5%
Horn-F0 30 16243 80 0.0778 0.0011 1.983 0.067 0.1927 0.0043 1136 25 1142 27 0.5 1142 27 2.4%
Horn-F0 31 689 37 0.0923 0.0015 2.983 0.111 0.2379 0.0062 1376 36 1474 30 6.7 1474 30 2.0%
Horn-F0 34 -1239 71 0.0713 0.0011 1.456 0.046 0.1533 0.0033 919 20 967 32 4.9 967 32 3.3%
Horn-F0 36 88618 175 0.0930 0.0011 2.987 0.077 0.2341 0.0059 1356 34 1487 23 8.8 1487 23 1.5%
Horn-F0 39 48351 63 0.0708 0.0012 1.348 0.070 0.1457 0.0047 877 28 951 34 7.7 877 28 3.2%
Horn-F0 45 254 57 0.0557 0.0013 0.590 0.022 0.0704 0.0040 439 25 439 52 0.1 439 25 5.6%
Horn-F0 46 26062 96 0.0790 0.0011 1.964 0.064 0.1866 0.0044 1103 26 1173 27 6.0 1173 27 2.3%
Horn-F0 47 1130 116 0.0832 0.0010 2.268 0.082 0.1957 0.0070 1152 41 1275 23 9.6 1275 23 1.8%
Horn-F0 48 -475 35 0.1018 0.0019 3.707 0.261 0.2629 0.0158 1504 91 1658 35 9.3 1658 35 2.1%
Horn-F0 50 -142 195 0.0929 0.0012 3.495 0.079 0.2718 0.0059 1550 34 1486 24 -4.3 1486 24 1.6%
Horn-F0 52 276 46 0.0993 0.0015 3.954 0.111 0.2859 0.0057 1621 32 1610 29 -0.7 1610 29 1.8%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F0 54 -1764 177 0.1023 0.0013 3.918 0.139 0.2806 0.0081 1595 46 1666 24 4.3 1666 24 1.4%
Horn-F0 55 -930 91 0.1012 0.0013 3.925 0.095 0.2822 0.0065 1602 37 1646 24 2.7 1646 24 1.5%
Horn-F0 56 46022 150 0.1222 0.0020 5.235 0.199 0.3056 0.0133 1719 75 1989 29 13.6 1989 29 1.5%
Horn-F0 59 -574 65 0.0814 0.0013 2.525 0.084 0.2134 0.0097 1247 57 1231 32 -1.3 1231 32 2.6%
Horn-F0 65 5461 95 0.1042 0.0015 4.035 0.144 0.2862 0.0083 1623 47 1700 26 4.5 1700 26 1.5%
Horn-F0 66 259 8 0.1011 0.0023 3.500 0.163 0.2668 0.0068 1525 39 1645 43 7.3 1645 43 2.6%
Horn-F0 69 -287 37 0.0909 0.0013 3.116 0.085 0.2407 0.0067 1390 39 1444 27 3.7 1444 27 1.9%
Horn-F0 70 -55 41 0.0791 0.0013 2.169 0.062 0.1930 0.0056 1138 33 1174 32 3.1 1174 32 2.7%
Horn-F0 72 6448 52 0.0998 0.0017 3.617 0.118 0.2671 0.0066 1526 38 1620 31 5.8 1620 31 1.9%
Horn-F0 74 1364 123 0.0756 0.0012 1.475 0.057 0.1574 0.0033 942 19 1085 31 13.2 1085 31 2.9%
Horn-F0 75 1669 65 0.0806 0.0016 1.896 0.134 0.1821 0.0051 1078 30 1211 39 10.9 1211 39 3.3%
Horn-F0 77 7085 74 0.0947 0.0012 2.867 0.084 0.2232 0.0048 1299 28 1523 23 14.7 1523 23 1.5%
Horn-F0 78 -1351 221 0.0633 0.0008 1.042 0.030 0.1176 0.0029 717 18 718 28 0.2 718 28 3.9%
Horn-F0 81 -329 38 0.0781 0.0019 1.746 0.069 0.1720 0.0038 1023 23 1150 47 11.0 1150 47 4.1%
Horn-F0 82 3012 163 0.1036 0.0015 3.829 0.177 0.2655 0.0108 1518 62 1689 27 10.1 1689 27 1.6%
Horn-F0 84 8447 461 0.0727 0.0008 1.723 0.077 0.1745 0.0075 1037 45 1005 22 -3.1 1005 22 2.2%
Horn-F0 85 2040 80 0.0825 0.0017 2.075 0.085 0.1876 0.0062 1109 37 1257 40 11.8 1257 40 3.2%
Horn-F0 86 4990 27 0.0941 0.0014 3.061 0.168 0.2335 0.0129 1353 74 1510 29 10.4 1510 29 1.9%
Horn-F0 87 -1578 89 0.0974 0.0011 3.414 0.117 0.2503 0.0090 1440 52 1575 22 8.6 1575 22 1.4%
Horn-F0 89 61 46 0.0689 0.0012 1.381 0.051 0.1444 0.0044 870 27 895 35 2.8 895 35 3.9%
Horn-F0 98 8750 76 0.0715 0.0011 1.504 0.046 0.1561 0.0038 935 23 973 31 3.9 973 31 3.2%
Horn-F0 101 6394 109 0.0802 0.0011 1.856 0.138 0.1770 0.0090 1051 53 1203 28 12.7 1203 28 2.3%
Horn-F0 102 4136 61 0.0915 0.0011 3.095 0.108 0.2486 0.0074 1431 43 1457 23 1.8 1457 23 1.6%
Horn-F0 103 11626 55 0.0939 0.0011 3.078 0.121 0.2383 0.0087 1378 50 1506 23 8.5 1506 23 1.5%
Horn-F0 109 619 191 0.0972 0.0012 3.638 0.182 0.2603 0.0106 1491 61 1570 22 5.0 1570 22 1.4%
Horn-F0 118 -2001 248 0.0749 0.0012 1.708 0.122 0.1598 0.0192 956 115 1066 33 10.3 1066 33 3.1%
Horn-F0 120 5376 204 0.0914 0.0011 2.973 0.073 0.2388 0.0050 1380 29 1455 22 5.1 1455 22 1.5%
Horn-F0 121 1257 214 0.1008 0.0013 4.091 0.102 0.2951 0.0056 1667 32 1638 23 -1.8 1638 23 1.4%
Horn-F0 123 17468 41 0.1016 0.0014 3.861 0.144 0.2675 0.0104 1528 60 1654 25 7.6 1654 25 1.5%
Horn-F0 125 50337 38 0.1899 0.0026 12.417 0.577 0.5068 0.0145 2643 75 2742 23 3.6 2742 23 0.8%
Horn-F0 126 3806 41 0.0942 0.0013 3.039 0.097 0.2388 0.0055 1381 32 1512 26 8.7 1512 26 1.7%
Horn-F0 127 -2831 11 0.1580 0.0024 4.993 0.159 0.2402 0.0057 1388 33 2434 26 43.0 2434 26 1.1%
Horn-F0 130 60279 200 0.1044 0.0012 4.056 0.163 0.2822 0.0100 1602 57 1704 22 6.0 1704 22 1.3%
Horn-F1 8 11815 70 0.0723 0.0009 1.380 0.037 0.1419 0.0024 856 15 996 25 14.1 856 15 1.7%
Horn-F1 9 15405 224 0.1004 0.0011 3.561 0.068 0.2518 0.0044 1448 25 1631 20 11.2 1631 20 1.2%
Horn-F1 11 1244 142 0.1063 0.0012 3.673 0.061 0.2478 0.0036 1427 21 1738 21 17.9 1738 21 1.2%
Horn-F1 12 -46 17 0.0791 0.0015 1.962 0.064 0.1840 0.0036 1089 22 1174 38 7.3 1174 38 3.2%
Horn-F1 16 -2047 138 0.0852 0.0010 2.582 0.055 0.2186 0.0038 1275 22 1321 23 3.5 1321 23 1.8%
Horn-F1 17 1850 55 0.1043 0.0013 3.656 0.090 0.2644 0.0039 1512 22 1702 23 11.1 1702 23 1.4%
Horn-F1 19 -673 143 0.0862 0.0011 2.795 0.084 0.2167 0.0038 1264 22 1342 25 5.8 1342 25 1.8%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F1 26 1763 48 0.1028 0.0013 3.734 0.098 0.2638 0.0057 1509 33 1675 23 9.9 1675 23 1.4%
Horn-F1 27 813 47 0.1043 0.0015 3.800 0.101 0.2720 0.0050 1551 28 1703 26 8.9 1703 26 1.5%
Horn-F1 28 671 116 0.0705 0.0009 1.407 0.034 0.1432 0.0028 863 17 943 27 8.5 863 17 1.9%
Horn-F1 29 1847 99 0.0744 0.0009 1.511 0.051 0.1478 0.0044 888 26 1054 25 15.7 888 26 3.0%
Horn-F1 30 730 64 0.0733 0.0011 1.446 0.050 0.1467 0.0038 882 23 1023 32 13.7 882 23 2.6%
Horn-F1 33 -43 28 0.1056 0.0024 3.550 0.181 0.2685 0.0061 1533 35 1725 42 11.1 1725 42 2.5%
Horn-F1 34 -540 47 0.1025 0.0017 3.748 0.115 0.2706 0.0043 1544 24 1669 31 7.5 1669 31 1.8%
Horn-F1 35 50287 148 0.0815 0.0009 2.049 0.051 0.1782 0.0047 1057 28 1235 22 14.4 1235 22 1.8%
Horn-F1 36 7896 214 0.1070 0.0013 4.035 0.066 0.2746 0.0040 1564 23 1748 22 10.5 1748 22 1.3%
Horn-F1 37 5239 56 0.0799 0.0011 1.931 0.068 0.1744 0.0065 1036 39 1194 27 13.2 1194 27 2.3%
Horn-F1 38 1701 85 0.1015 0.0012 3.726 0.091 0.2699 0.0048 1540 27 1651 22 6.7 1651 22 1.3%
Horn-F1 39 9951 116 0.0986 0.0011 3.816 0.080 0.2914 0.0041 1649 23 1598 21 -3.2 1598 21 1.3%
Horn-F1 40 1540 47 0.1019 0.0013 3.940 0.099 0.2858 0.0049 1621 28 1658 23 2.3 1658 23 1.4%
Horn-F1 45 818 54 0.0627 0.0012 0.788 0.037 0.0960 0.0018 591 11 698 40 15.3 591 11 1.9%
Horn-F1 47 948 41 0.0733 0.0013 1.385 0.040 0.1547 0.0031 927 19 1022 35 9.3 1022 35 3.4%
Horn-F1 48 3752 31 0.1009 0.0014 3.519 0.124 0.2647 0.0058 1514 33 1640 27 7.7 1640 27 1.6%
Horn-F1 50 11414 263 0.0714 0.0009 1.401 0.040 0.1489 0.0025 895 15 970 25 7.7 895 15 1.7%
Horn-F1 51 101 8 0.1000 0.0023 3.279 0.170 0.2603 0.0059 1491 34 1624 43 8.2 1624 43 2.6%
Horn-F1 52 -83 26 0.1021 0.0015 3.895 0.121 0.2734 0.0062 1558 35 1662 27 6.3 1662 27 1.6%
Horn-F1 54 -863 91 0.0746 0.0009 1.690 0.042 0.1612 0.0035 964 21 1058 24 8.9 1058 24 2.3%
Horn-F1 56 -231 67 0.0703 0.0009 1.496 0.041 0.1560 0.0031 934 19 936 28 0.2 936 28 2.9%
Horn-F1 57 -360 89 0.0738 0.0010 1.600 0.050 0.1643 0.0036 981 21 1035 28 5.3 1035 28 2.7%
Horn-F1 59 27143 106 0.0700 0.0012 1.432 0.047 0.1497 0.0033 899 20 929 36 3.2 899 20 2.2%
Horn-F1 67 403 110 0.1009 0.0011 3.736 0.074 0.2718 0.0041 1550 23 1641 21 5.6 1641 21 1.3%
Horn-F1 68 -20548 65 0.1024 0.0013 3.589 0.132 0.2591 0.0076 1485 44 1668 23 10.9 1668 23 1.4%
Horn-F1 69 3203 40 0.0808 0.0012 1.979 0.064 0.1841 0.0037 1089 22 1215 29 10.4 1215 29 2.3%
Horn-F1 70 615 49 0.0992 0.0013 3.356 0.080 0.2549 0.0034 1464 19 1609 25 9.0 1609 25 1.5%
Horn-F1 71 -386 47 0.0996 0.0013 3.665 0.103 0.2721 0.0063 1551 36 1617 25 4.1 1617 25 1.6%
Horn-F1 73 2212 51 0.0995 0.0012 3.818 0.076 0.2745 0.0052 1564 30 1614 22 3.1 1614 22 1.3%
Horn-F1 74 2780 122 0.1012 0.0011 3.617 0.088 0.2615 0.0054 1497 31 1647 20 9.1 1647 20 1.2%
Horn-F1 75 -1855 95 0.1043 0.0013 3.436 0.091 0.2500 0.0054 1439 31 1701 22 15.4 1701 22 1.3%
Horn-F1 78 270 66 0.0739 0.0012 1.571 0.043 0.1666 0.0024 993 14 1039 32 4.4 1039 32 3.1%
Horn-F1 79 3191 243 0.0731 0.0009 1.550 0.029 0.1583 0.0022 947 13 1016 24 6.8 1016 24 2.4%
Horn-F1 80 5128 36 0.0756 0.0021 1.329 0.060 0.1440 0.0039 867 23 1084 56 20.0 867 23 2.7%
Horn-F1 85 12003 71 0.0860 0.0011 2.373 0.124 0.2112 0.0075 1235 44 1339 24 7.7 1339 24 1.8%
Horn-F1 86 5011 279 0.1010 0.0010 3.589 0.094 0.2567 0.0067 1473 39 1642 18 10.3 1642 18 1.1%
Horn-F1 87 1058 28 0.0912 0.0013 2.953 0.127 0.2345 0.0086 1358 50 1452 27 6.5 1452 27 1.8%
Horn-F1 90 12026 73 0.0740 0.0009 1.595 0.057 0.1601 0.0041 958 24 1041 25 8.0 1041 25 2.4%
Horn-F1 91 24548 76 0.1159 0.0013 4.922 0.122 0.3119 0.0068 1750 38 1894 20 7.6 1894 20 1.1%
Horn-F1 93 8239 43 0.1026 0.0013 3.610 0.138 0.2543 0.0086 1461 49 1671 23 12.6 1671 23 1.4%
Horn-F1 94 1693 113 0.0799 0.0009 1.901 0.060 0.1732 0.0045 1030 27 1195 23 13.8 1195 23 2.0%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F1 96 18539 72 0.1014 0.0010 3.864 0.212 0.2812 0.0133 1597 76 1649 19 3.1 1649 19 1.1%
Horn-F1 97 2136 49 0.1044 0.0015 3.663 0.161 0.2746 0.0068 1564 39 1704 26 8.2 1704 26 1.5%
Horn-F1 98 -1525 58 0.0997 0.0011 3.528 0.125 0.2571 0.0083 1475 48 1619 20 8.9 1619 20 1.3%
Horn-F1 99 3156 64 0.0946 0.0017 2.918 0.152 0.2274 0.0107 1321 62 1521 34 13.2 1521 34 2.2%
Horn-F1 100 699 33 0.1003 0.0019 3.016 0.199 0.2372 0.0076 1372 44 1630 35 15.8 1630 35 2.1%
Horn-F1 105 3531 119 0.0787 0.0011 2.239 0.141 0.2038 0.0169 1196 99 1164 27 -2.7 1164 27 2.3%
Horn-F1 106 -3035 116 0.0935 0.0010 3.111 0.109 0.2500 0.0065 1439 37 1498 20 4.0 1498 20 1.4%
Horn-F1 107 4387 119 0.0778 0.0013 1.523 0.044 0.1646 0.0044 982 26 1143 33 14.1 1143 33 2.9%
Horn-F1 108 2474 85 0.1001 0.0012 3.204 0.085 0.2416 0.0053 1395 30 1625 23 14.2 1625 23 1.4%
Horn-F1 109 -2710 116 0.1010 0.0009 3.602 0.100 0.2619 0.0065 1500 37 1643 17 8.7 1643 17 1.0%
Horn-F1 110 468 196 0.0997 0.0010 3.439 0.101 0.2579 0.0058 1479 33 1618 20 8.6 1618 20 1.2%
Horn-F1 111 3673 114 0.0944 0.0009 3.338 0.095 0.2547 0.0073 1463 42 1516 19 3.5 1516 19 1.2%
Horn-F1 114 1488 43 0.1045 0.0017 3.770 0.106 0.2660 0.0049 1520 28 1705 29 10.8 1705 29 1.7%
Horn-F1 115 574 86 0.0860 0.0010 2.686 0.078 0.2319 0.0053 1344 31 1338 23 -0.5 1338 23 1.7%
Horn-F1 118 1078 53 0.1055 0.0013 3.747 0.105 0.2686 0.0054 1534 31 1722 23 11.0 1722 23 1.3%
Horn-F1 120 -874 87 0.0950 0.0014 3.201 0.137 0.2450 0.0095 1413 55 1528 27 7.5 1528 27 1.8%
Horn-F1 127 6650 21 0.0775 0.0031 1.426 0.086 0.1547 0.0127 927 76 1134 80 18.2 1134 80 7.0%
Horn-F1 129 41470 106 0.1027 0.0010 3.701 0.125 0.2614 0.0085 1497 48 1674 18 10.6 1674 18 1.1%
Horn-F3 7 -2837 160 0.1055 0.0038 3.782 0.106 0.2599 0.0093 1490 53 1723 66 13.5 1723 66 3.9%
Horn-F3 8 9429 19 0.0760 0.0017 1.708 0.080 0.1650 0.0055 984 33 1094 45 10.0 1094 45 4.2%
Horn-F3 9 7209 40 0.1005 0.0013 3.612 0.135 0.2711 0.0069 1546 39 1634 24 5.4 1634 24 1.5%
Horn-F3 10 -1787525 165 0.1036 0.0012 3.715 0.130 0.2727 0.0068 1554 39 1690 21 8.0 1690 21 1.2%
Horn-F3 11 12473 30 0.0722 0.0013 1.437 0.072 0.1519 0.0039 911 23 991 37 8.1 991 37 3.7%
Horn-F3 12 11794 443 0.1017 0.0009 3.935 0.088 0.2818 0.0060 1600 34 1655 17 3.3 1655 17 1.0%
Horn-F3 13 934 73 0.0988 0.0013 3.618 0.088 0.2683 0.0041 1532 23 1602 24 4.4 1602 24 1.5%
Horn-F3 14 -27 88 0.1013 0.0011 3.803 0.104 0.2726 0.0076 1554 43 1648 20 5.7 1648 20 1.2%
Horn-F3 15 15339 86 0.0896 0.0010 2.763 0.069 0.2225 0.0051 1295 30 1416 20 8.5 1416 20 1.4%
Horn-F3 16 -868589 164 0.0792 0.0009 1.831 0.084 0.1671 0.0075 996 45 1176 22 15.3 1176 22 1.9%
Horn-F3 17 31703 51 0.1027 0.0015 3.742 0.207 0.2727 0.0110 1554 62 1673 28 7.1 1673 28 1.7%
Horn-F3 18 4989 142 0.1020 0.0012 3.890 0.115 0.2701 0.0096 1541 55 1661 23 7.2 1661 23 1.4%
Horn-F3 19 1791 46 0.1000 0.0012 3.505 0.146 0.2555 0.0091 1467 52 1624 22 9.7 1624 22 1.4%
Horn-F3 20 7839 327 0.1026 0.0014 3.660 0.128 0.2561 0.0092 1470 53 1672 26 12.1 1672 26 1.5%
Horn-F3 26 -220151 52 0.1008 0.0013 3.576 0.094 0.2690 0.0044 1536 25 1639 25 6.3 1639 25 1.5%
Horn-F3 27 82453 355 0.1030 0.0009 4.012 0.102 0.2868 0.0061 1626 35 1678 17 3.1 1678 17 1.0%
Horn-F3 28 7986 71 0.1007 0.0010 3.637 0.126 0.2640 0.0081 1510 46 1638 18 7.8 1638 18 1.1%
Horn-F3 29 180 65 0.1013 0.0013 3.729 0.492 0.2693 0.0333 1537 190 1648 24 6.8 1648 24 1.4%
Horn-F3 30 -651 50 0.1008 0.0012 3.640 0.119 0.2645 0.0073 1513 42 1639 22 7.7 1639 22 1.4%
Horn-F3 31 -111 48 0.0724 0.0013 1.729 0.076 0.1651 0.0092 985 55 997 36 1.1 997 36 3.6%
Horn-F3 32 -679 268 0.0971 0.0009 3.322 0.099 0.2507 0.0070 1442 40 1569 17 8.1 1569 17 1.1%
Horn-F3 33 1785 83 0.1021 0.0010 3.849 0.108 0.2797 0.0059 1590 34 1662 19 4.4 1662 19 1.1%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F3 34 26388 41 0.1059 0.0015 4.170 0.160 0.2753 0.0111 1567 63 1730 25 9.4 1730 25 1.5%
Horn-F3 35 8440 63 0.1018 0.0012 3.683 0.128 0.2657 0.0075 1519 43 1657 21 8.3 1657 21 1.3%
Horn-F3 36 -445973 80 0.0801 0.0009 2.146 0.055 0.1948 0.0042 1147 25 1200 22 4.4 1200 22 1.8%
Horn-F3 37 -137 283 0.0753 0.0009 1.470 0.038 0.1446 0.0028 870 17 1077 24 19.1 1077 24 2.2%
Horn-F3 38 8222 88 0.0722 0.0009 1.460 0.050 0.1477 0.0043 888 26 992 26 10.5 992 26 2.6%
Horn-F3 39 1637 168 0.1016 0.0011 3.479 0.100 0.2598 0.0049 1489 28 1654 19 10.0 1654 19 1.2%
Horn-F3 40 9044 289 0.1070 0.0016 3.577 0.283 0.2237 0.0099 1301 57 1748 28 25.6 1748 28 1.6%
Horn-F3 45 1130 65 0.0759 0.0012 1.956 0.066 0.1827 0.0066 1082 39 1093 31 1.0 1093 31 2.8%
Horn-F3 46 734 91 0.0761 0.0013 1.733 0.070 0.1565 0.0093 937 55 1099 35 14.7 1099 35 3.2%
Horn-F3 47 -449400 60 0.1016 0.0012 3.855 0.138 0.2750 0.0093 1566 53 1653 21 5.2 1653 21 1.3%
Horn-F3 48 3773 29 0.0864 0.0013 2.345 0.080 0.2025 0.0042 1188 25 1347 30 11.8 1347 30 2.2%
Horn-F3 49 -168 243 0.1004 0.0011 3.347 0.111 0.2406 0.0103 1390 59 1632 20 14.9 1632 20 1.2%
Horn-F3 50 2451 111 0.1012 0.0011 3.828 0.128 0.2805 0.0083 1594 47 1646 19 3.2 1646 19 1.2%
Horn-F3 51 111868 383 0.0992 0.0010 3.629 0.073 0.2655 0.0046 1518 27 1609 18 5.6 1609 18 1.1%
Horn-F3 52 1958 442 0.0929 0.0009 2.951 0.103 0.2230 0.0062 1298 36 1486 19 12.7 1486 19 1.3%
Horn-F3 53 -703537 95 0.1017 0.0011 3.859 0.120 0.2740 0.0086 1561 49 1655 19 5.7 1655 19 1.2%
Horn-F3 54 -1055148 133 0.0994 0.0010 3.272 0.140 0.2436 0.0091 1405 53 1612 18 12.8 1612 18 1.1%
Horn-F3 55 2509 176 0.0996 0.0011 3.544 0.094 0.2553 0.0055 1466 31 1617 20 9.4 1617 20 1.2%
Horn-F3 56 -54 35 0.0793 0.0013 2.047 0.055 0.2020 0.0040 1186 24 1180 33 -0.5 1180 33 2.8%
Horn-F3 57 6420 50 0.0932 0.0011 2.883 0.087 0.2299 0.0045 1334 26 1492 23 10.6 1492 23 1.5%
Horn-F3 59 2724 42 0.0794 0.0011 2.034 0.074 0.1913 0.0050 1128 30 1182 26 4.6 1182 26 2.2%
Horn-F3 60 8692 117 0.0584 0.0016 0.502 0.054 0.0690 0.0017 430 10 545 62 21.1 430 10 2.4%
Horn-F3 65 -1434 94 0.1023 0.0011 4.069 0.273 0.2931 0.0182 1657 103 1667 20 0.6 1667 20 1.2%
Horn-F3 66 75014 85 0.1005 0.0011 3.970 0.115 0.2872 0.0071 1628 40 1634 20 0.4 1634 20 1.2%
Horn-F3 67 786 72 0.0724 0.0014 1.398 0.070 0.1431 0.0039 862 24 998 38 13.6 998 38 3.8%
Horn-F3 68 599 50 0.1012 0.0012 3.687 0.105 0.2629 0.0066 1504 38 1646 21 8.6 1646 21 1.3%
Horn-F3 69 9183 104 0.0790 0.0011 2.041 0.047 0.1803 0.0024 1068 14 1172 28 8.8 1172 28 2.4%
Horn-F3 70 253561 310 0.0967 0.0010 3.114 0.184 0.2363 0.0136 1367 79 1562 20 12.5 1562 20 1.3%
Horn-F3 71 2328 36 0.0754 0.0012 1.588 0.062 0.1573 0.0044 942 26 1079 31 12.7 1079 31 2.9%
Horn-F3 72 6950 44 0.1011 0.0014 3.788 0.114 0.2719 0.0060 1551 34 1645 26 5.7 1645 26 1.6%
Horn-F3 73 4877 47 0.0973 0.0015 2.826 0.222 0.2315 0.0116 1343 67 1572 28 14.6 1572 28 1.8%
Horn-F3 74 -735 120 0.0766 0.0009 1.797 0.050 0.1764 0.0036 1047 21 1110 23 5.6 1110 23 2.1%
Horn-F3 75 30096 136 0.0891 0.0011 2.962 0.068 0.2315 0.0041 1342 24 1406 24 4.5 1406 24 1.7%
Horn-F3 76 2706 25 0.1012 0.0016 3.917 0.139 0.2886 0.0068 1635 39 1646 29 0.7 1646 29 1.7%
Horn-F3 77 50514 91 0.1001 0.0010 3.407 0.115 0.2428 0.0081 1401 47 1626 19 13.8 1626 19 1.2%
Horn-F3 78 2118 39 0.0724 0.0012 1.492 0.059 0.1531 0.0041 918 25 997 33 7.9 997 33 3.3%
Horn-F3 79 -1518 81 0.1006 0.0011 3.678 0.083 0.2662 0.0051 1521 29 1634 19 6.9 1634 19 1.2%
Horn-F3 80 844 33 0.0921 0.0013 2.868 0.105 0.2273 0.0075 1320 43 1470 27 10.2 1470 27 1.8%
Horn-F3 86 18869 84 0.1087 0.0026 3.578 0.443 0.2672 0.0090 1527 51 1778 44 14.1 1778 44 2.5%
Horn-F3 87 88860 84 0.1009 0.0011 3.804 0.107 0.2675 0.0059 1528 34 1641 20 6.8 1641 20 1.2%
Horn-F3 88 12312 51 0.0984 0.0014 3.811 0.126 0.2812 0.0058 1597 33 1595 26 -0.2 1595 26 1.6%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F3 89 -1835 136 0.1059 0.0011 4.237 0.184 0.2898 0.0110 1640 62 1730 19 5.2 1730 19 1.1%
Horn-F3 90 2246 61 0.0897 0.0015 2.943 0.088 0.2354 0.0041 1363 24 1418 32 3.9 1418 32 2.2%
Horn-F3 92 -710766 40 0.0910 0.0015 3.307 0.135 0.2561 0.0074 1470 42 1446 32 -1.7 1446 32 2.2%
Horn-F3 94 1316 56 0.0993 0.0011 3.688 0.160 0.2682 0.0100 1532 57 1611 21 4.9 1611 21 1.3%
Horn-F3 95 -850299 63 0.1008 0.0011 3.964 0.104 0.2805 0.0052 1594 29 1639 20 2.7 1639 20 1.2%
Horn-F3 97 17255 478 0.1011 0.0009 4.218 0.138 0.2955 0.0096 1669 54 1645 16 -1.5 1645 16 1.0%
Horn-F3 98 38129 417 0.1010 0.0008 3.962 0.088 0.2778 0.0049 1580 28 1642 15 3.8 1642 15 0.9%
Horn-F3 100 390 40 0.0937 0.0012 3.070 0.139 0.2436 0.0080 1406 46 1502 23 6.4 1502 23 1.5%
Horn-F3 105 69700 329 0.0995 0.0009 3.957 0.094 0.2840 0.0061 1612 35 1615 16 0.2 1615 16 1.0%
Horn-F3 106 39850 634 0.1006 0.0008 3.872 0.099 0.2782 0.0059 1582 34 1634 15 3.2 1634 15 0.9%
Horn-F3 107 1281 60 0.1007 0.0011 3.889 0.131 0.2713 0.0088 1547 50 1636 21 5.5 1636 21 1.3%
Horn-F3 108 7250 46 0.0736 0.0013 1.461 0.052 0.1405 0.0040 848 24 1030 36 17.7 1030 36 3.5%
Horn-F3 110 -2065 221 0.0918 0.0008 3.025 0.124 0.2389 0.0088 1381 51 1463 17 5.6 1463 17 1.1%
Horn-F3 111 10663 81 0.1005 0.0011 3.838 0.130 0.2795 0.0072 1589 41 1634 20 2.8 1634 20 1.2%
Horn-F3 112 -1028234 105 0.0853 0.0011 2.872 0.081 0.2389 0.0041 1381 24 1323 24 -4.4 1323 24 1.9%
Horn-F3 113 1210 145 0.0733 0.0009 1.844 0.050 0.1716 0.0027 1021 16 1023 25 0.3 1023 25 2.4%
Horn-F3 114 103214 244 0.0915 0.0008 2.808 0.088 0.2245 0.0056 1305 32 1457 17 10.4 1457 17 1.1%
Horn-F3 115 26810 36 0.1043 0.0015 4.194 0.135 0.2907 0.0066 1645 37 1702 27 3.4 1702 27 1.6%
Horn-F3 116 7342 173 0.0980 0.0009 3.464 0.103 0.2465 0.0074 1420 43 1587 18 10.5 1587 18 1.1%
Horn-F3 117 10531 114 0.1006 0.0009 4.008 0.095 0.2840 0.0055 1611 31 1635 17 1.5 1635 17 1.0%
Horn-F3 118 -3836 123 0.0876 0.0010 2.373 0.088 0.2015 0.0049 1183 29 1374 21 13.9 1374 21 1.6%
Horn-F3 119 5195 120 0.0695 0.0009 1.568 0.066 0.1551 0.0050 930 30 914 27 -1.7 914 27 3.0%
Horn-F3 120 1424 68 0.0893 0.0013 2.743 0.085 0.2131 0.0051 1246 30 1411 28 11.7 1411 28 2.0%
Horn-F3 125 4310 75 0.0702 0.0010 1.483 0.054 0.1472 0.0047 885 28 935 30 5.4 935 30 3.3%
Horn-F3 126 25605 318 0.1010 0.0008 3.965 0.106 0.2837 0.0064 1610 36 1642 15 2.0 1642 15 0.9%
Horn-F3 127 7569 234 0.0988 0.0009 3.628 0.121 0.2640 0.0077 1510 44 1602 16 5.7 1602 16 1.0%
Horn-F3 129 -821337 154 0.0742 0.0008 1.748 0.057 0.1682 0.0052 1002 31 1048 21 4.3 1048 21 2.0%
Horn-F3 130 5090 102 0.1031 0.0011 4.200 0.119 0.2878 0.0073 1630 41 1681 19 3.0 1681 19 1.1%
Horn-F3 131 -841965 78 0.1002 0.0011 3.772 0.111 0.2683 0.0066 1532 38 1628 20 5.9 1628 20 1.2%
Horn-F3 132 1146 118 0.0763 0.0008 2.105 0.067 0.1939 0.0058 1143 34 1104 22 -3.5 1104 22 2.0%
Horn-F3 133 6892 71 0.1075 0.0016 3.429 0.090 0.2525 0.0051 1452 29 1757 27 17.4 1757 27 1.5%
Horn-F3 134 119050 176 0.0956 0.0011 2.871 0.133 0.2198 0.0079 1281 46 1540 22 16.8 1540 22 1.4%
Horn-F3 135 16973 114 0.1011 0.0010 3.949 0.131 0.2856 0.0073 1620 42 1644 19 1.5 1644 19 1.1%
Horn-F3 136 6431 165 0.0996 0.0009 3.718 0.112 0.2714 0.0067 1548 38 1617 17 4.3 1617 17 1.0%
Horn-F3 137 -604940 83 0.1023 0.0011 4.128 0.123 0.2835 0.0077 1609 44 1667 19 3.5 1667 19 1.1%
Horn-F3 138 1340 59 0.0945 0.0012 2.993 0.135 0.2336 0.0081 1353 47 1517 23 10.8 1517 23 1.5%
Horn-F3 139 3433 26 0.0979 0.0015 3.707 0.112 0.2637 0.0057 1509 32 1585 29 4.8 1585 29 1.8%
Horn-F3 140 68950 290 0.1005 0.0008 3.907 0.123 0.2873 0.0068 1628 38 1634 15 0.4 1634 15 0.9%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F6 7 4986 44 0.0788 0.0011 1.992 0.070 0.1799 0.0059 1067 35 1168 28 8.7 1168 28 2.4%
Horn-F6 8 -1563 492 0.0556 0.0006 0.515 0.017 0.0669 0.0019 418 12 435 25 4.0 418 12 2.8%
Horn-F6 9 -849 147 0.0761 0.0009 1.807 0.075 0.1756 0.0061 1043 36 1098 23 5.0 1098 23 2.1%
Horn-F6 11 139450 241 0.0998 0.0016 3.939 0.239 0.2773 0.0096 1578 54 1620 29 2.6 1620 29 1.8%
Horn-F6 14 14769 332 0.1000 0.0018 3.935 0.128 0.2825 0.0087 1604 49 1625 33 1.3 1625 33 2.0%
Horn-F6 15 -5063 220 0.1227 0.0013 5.812 0.157 0.3332 0.0097 1854 54 1996 18 7.1 1996 18 0.9%
Horn-F6 16 -495 77 0.1012 0.0012 3.720 0.152 0.2662 0.0102 1522 58 1647 21 7.6 1647 21 1.3%
Horn-F6 18 380 17 0.0865 0.0022 2.067 0.161 0.1937 0.0043 1142 25 1349 48 15.4 1349 48 3.6%
Horn-F6 19 12353 111 0.0943 0.0011 3.236 0.082 0.2444 0.0056 1409 32 1513 22 6.9 1513 22 1.5%
Horn-F6 20 25344 364 0.0575 0.0007 0.536 0.016 0.0662 0.0020 413 13 511 25 19.1 413 13 3.1%
Horn-F6 21 1384 175 0.0797 0.0013 1.677 0.060 0.1682 0.0064 1002 38 1190 32 15.8 1190 32 2.7%
Horn-F6 23 4334 405 0.0559 0.0008 0.519 0.011 0.0674 0.0013 421 8 449 30 6.3 421 8 1.9%
Horn-F6 24 6931 1954 0.0581 0.0006 0.523 0.011 0.0657 0.0012 410 8 533 22 23.0 410 8 1.8%
Horn-F6 25 -8332 373 0.0998 0.0013 3.388 0.099 0.2388 0.0109 1380 63 1620 24 14.8 1620 24 1.5%
Horn-F6 26 97178 196 0.1010 0.0011 3.687 0.130 0.2667 0.0086 1524 49 1642 19 7.2 1642 19 1.2%
Horn-F6 27 -63 158 0.0862 0.0009 2.671 0.070 0.2244 0.0056 1305 33 1343 21 2.8 1343 21 1.5%
Horn-F6 28 1342 167 0.1009 0.0011 3.793 0.115 0.2764 0.0067 1573 38 1641 20 4.2 1641 20 1.2%
Horn-F6 29 351 206 0.0673 0.0008 1.103 0.024 0.1168 0.0023 712 14 846 25 15.8 712 14 1.9%
Horn-F6 30 -3184638 132 0.1012 0.0012 3.670 0.083 0.2607 0.0051 1493 29 1646 22 9.3 1646 22 1.4%
Horn-F6 31 16248 321 0.1235 0.0013 6.138 0.320 0.3590 0.0197 1977 108 2007 18 1.5 2007 18 0.9%
Horn-F6 32 9188 133 0.1006 0.0012 3.868 0.124 0.2706 0.0103 1544 59 1636 22 5.6 1636 22 1.4%
Horn-F6 33 141734 311 0.1213 0.0012 6.070 0.111 0.3514 0.0076 1941 42 1976 17 1.7 1976 17 0.9%
Horn-F6 34 246 156 0.1313 0.0016 7.323 0.162 0.3779 0.0152 2066 83 2116 21 2.3 2116 21 1.0%
Horn-F6 36 44989 190 0.1213 0.0013 5.114 0.133 0.3044 0.0075 1713 42 1975 19 13.3 1975 19 0.9%
Horn-F6 37 -2042 169 0.0890 0.0027 2.904 0.114 0.2299 0.0077 1334 45 1404 57 5.0 1404 57 4.1%
Horn-F6 38 1443 543 0.0738 0.0008 1.645 0.067 0.1630 0.0056 973 33 1035 22 5.9 1035 22 2.2%
Horn-F6 39 6087 106 0.0998 0.0011 3.699 0.097 0.2660 0.0063 1520 36 1621 21 6.2 1621 21 1.3%
Horn-F6 40 4313 26 0.0709 0.0011 1.579 0.059 0.1527 0.0057 916 34 956 32 4.1 956 32 3.3%
Horn-F6 47 305 119 0.0998 0.0011 3.855 0.090 0.2776 0.0061 1579 35 1621 20 2.6 1621 20 1.3%
Horn-F6 48 603 96 0.1007 0.0011 3.733 0.078 0.2625 0.0057 1502 32 1637 21 8.2 1637 21 1.3%
Horn-F6 49 -12445 604 0.0990 0.0012 3.551 0.380 0.2594 0.0262 1487 150 1606 22 7.4 1606 22 1.4%
Horn-F6 51 53512 48 0.0943 0.0015 3.441 0.150 0.2572 0.0126 1476 73 1514 30 2.5 1514 30 2.0%
Horn-F6 53 7509 1352 0.0595 0.0008 0.641 0.017 0.0774 0.0021 481 13 584 27 17.7 481 13 2.7%
Horn-F6 54 15796 345 0.1126 0.0014 4.995 0.295 0.3188 0.0203 1784 114 1842 22 3.1 1842 22 1.2%
Horn-F6 55 20407 84 0.1016 0.0013 3.721 0.123 0.2696 0.0078 1539 44 1653 24 6.9 1653 24 1.4%
Horn-F6 57 5276 137 0.0905 0.0011 3.405 0.191 0.2717 0.0155 1550 89 1436 23 -7.9 1436 23 1.6%
Horn-F6 58 -1621549 106 0.1229 0.0013 5.510 0.215 0.3222 0.0128 1800 72 1998 18 9.9 1998 18 0.9%
Horn-F6 59 5689 239 0.1019 0.0010 3.901 0.110 0.2780 0.0072 1581 41 1660 18 4.7 1660 18 1.1%
Horn-F6 60 164 14 0.0782 0.0018 1.978 0.080 0.1816 0.0039 1076 23 1153 46 6.7 1153 46 4.0%
Horn-F6 67 -171140 106 0.0745 0.0011 1.798 0.071 0.1717 0.0096 1022 57 1054 31 3.1 1054 31 2.9%
Horn-F6 69 -368 72 0.1235 0.0011 5.637 0.161 0.3340 0.0080 1858 45 2007 16 7.4 2007 16 0.8%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-F6 70 1044 27 0.0778 0.0015 1.840 0.073 0.1783 0.0035 1058 21 1143 37 7.4 1143 37 3.2%
Horn-F6 71 -55607 126 0.0763 0.0008 1.677 0.053 0.1597 0.0043 955 26 1102 21 13.3 1102 21 1.9%
Horn-F6 72 4488 152 0.1025 0.0011 4.018 0.128 0.2797 0.0095 1590 54 1669 20 4.7 1669 20 1.2%
Horn-F6 73 -267 100 0.0785 0.0008 2.010 0.047 0.1768 0.0048 1050 28 1159 21 9.4 1159 21 1.8%
Horn-F6 74 7614 120 0.0721 0.0012 1.546 0.041 0.1519 0.0039 912 24 990 33 7.9 990 33 3.3%
Horn-F6 75 5370 79 0.0997 0.0011 3.721 0.082 0.2747 0.0044 1565 25 1618 20 3.3 1618 20 1.2%
Horn-F6 76 10515 275 0.1217 0.0011 6.266 0.138 0.3680 0.0093 2020 51 1981 16 -2.0 1981 16 0.8%
Horn-F6 77 26424 432 0.1183 0.0011 5.252 0.103 0.3114 0.0090 1748 50 1931 16 9.5 1931 16 0.8%
Horn-F6 78 -3121 75 0.1002 0.0011 3.847 0.098 0.2781 0.0063 1582 36 1628 21 2.8 1628 21 1.3%
Horn-F6 79 5681 120 0.1012 0.0010 3.731 0.097 0.2695 0.0064 1538 37 1646 18 6.6 1646 18 1.1%
Horn-F6 80 -12497 464 0.1016 0.0008 3.901 0.097 0.2805 0.0064 1594 37 1654 15 3.6 1654 15 0.9%
Horn-F6 81 -1522 149 0.1003 0.0011 3.581 0.080 0.2655 0.0048 1518 27 1630 20 6.9 1630 20 1.2%
Horn-F6 82 34311 209 0.0935 0.0010 3.248 0.075 0.2475 0.0063 1426 37 1498 20 4.8 1498 20 1.3%
Horn-F6 85 361 54 0.0963 0.0015 3.162 0.159 0.2455 0.0084 1415 48 1554 30 8.9 1554 30 1.9%
Horn-F6 86 3118 97 0.1031 0.0010 3.887 0.089 0.2733 0.0059 1558 34 1681 18 7.4 1681 18 1.0%
Horn-F6 87 2029 116 0.0847 0.0010 2.666 0.082 0.2295 0.0057 1332 33 1309 22 -1.7 1309 22 1.7%
Horn-F6 88 29584 146 0.0576 0.0009 0.544 0.033 0.0671 0.0040 419 25 514 36 18.6 419 25 5.9%
Horn-F6 89 18871 124 0.0889 0.0008 2.888 0.056 0.2357 0.0045 1364 26 1402 18 2.7 1402 18 1.3%
Horn-F6 90 10014 628 0.0558 0.0007 0.530 0.020 0.0692 0.0020 431 13 446 27 3.3 431 13 3.0%
Horn-F6 91 1406 106 0.1200 0.0011 5.098 0.102 0.3032 0.0060 1707 34 1956 17 12.7 1956 17 0.9%
Horn-F6 92 -215 144 0.1013 0.0018 3.748 0.105 0.2619 0.0089 1500 51 1648 33 9.0 1648 33 2.0%
Horn-F6 93 23547 553 0.1009 0.0011 4.005 0.091 0.2810 0.0086 1596 49 1641 20 2.7 1641 20 1.2%
Horn-F6 94 -3835 108 0.1013 0.0015 3.359 0.637 0.2519 0.0110 1448 63 1649 28 12.2 1649 28 1.7%
Horn-F6 97 94743 322 0.1220 0.0010 5.859 0.165 0.3502 0.0097 1935 53 1986 15 2.6 1986 15 0.7%
Horn-F6 98 -139 149 0.0720 0.0009 1.609 0.071 0.1599 0.0073 956 44 986 26 3.0 986 26 2.6%
Horn-F6 99 49005 107 0.0979 0.0012 3.731 0.151 0.2705 0.0134 1543 76 1584 24 2.5 1584 24 1.5%
Horn-F6 100 -2457941 333 0.1198 0.0010 5.425 0.109 0.3233 0.0073 1806 41 1953 15 7.5 1953 15 0.8%
Horn-F6 107 36848 315 0.0739 0.0008 1.869 0.060 0.1812 0.0047 1073 28 1039 22 -3.3 1039 22 2.1%
Horn-F6 108 9150 86 0.0702 0.0017 1.214 0.081 0.1251 0.0066 760 40 933 48 18.6 760 40 5.3%
Horn-F6 109 1074 342 0.0556 0.0009 0.510 0.025 0.0683 0.0020 426 12 437 34 2.6 426 12 2.9%
Horn-F6 110 15154 178 0.0767 0.0009 1.839 0.051 0.1719 0.0046 1023 27 1114 23 8.2 1114 23 2.1%
Horn-F6 111 11827 74 0.0798 0.0010 1.977 0.069 0.1887 0.0046 1114 27 1192 24 6.5 1192 24 2.1%
Horn-F6 112 -1658 248 0.1049 0.0011 4.047 0.179 0.2818 0.0122 1601 69 1712 19 6.5 1712 19 1.1%
Horn-F6 113 6593 351 0.1013 0.0008 3.903 0.066 0.2805 0.0045 1594 26 1648 15 3.3 1648 15 0.9%
Horn-F6 114 134 100 0.1012 0.0010 3.885 0.105 0.2798 0.0060 1590 34 1647 19 3.4 1647 19 1.2%
Horn-F6 115 2579 155 0.1219 0.0011 5.507 0.241 0.3293 0.0135 1835 75 1985 16 7.5 1985 16 0.8%
Horn-F6 117 11005 259 0.0919 0.0009 3.078 0.087 0.2396 0.0062 1385 36 1465 18 5.5 1465 18 1.3%
Horn-F6 118 -6569 230 0.0975 0.0013 3.583 0.113 0.2700 0.0056 1541 32 1576 25 2.2 1576 25 1.6%
Horn-F6 120 -530 82 0.0743 0.0011 1.775 0.059 0.1689 0.0063 1006 38 1050 31 4.2 1050 31 3.0%
Horn-F6 121 431 402 0.0558 0.0008 0.534 0.017 0.0675 0.0028 421 18 446 32 5.5 421 18 4.2%
Horn-F6 122 1581 78 0.0882 0.0011 2.765 0.066 0.2207 0.0051 1286 30 1386 23 7.2 1386 23 1.7%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-G4 8 82814 90 0.1016 0.0010 3.784 0.104 0.2769 0.0055 1576 31 1653 19 4.7 1653 19 1.1%
Horn-G4 9 655 47 0.0757 0.0010 1.708 0.061 0.1683 0.0036 1003 21 1086 27 7.7 1086 27 2.5%
Horn-G4 10 430 41 0.1096 0.0017 3.962 0.146 0.2773 0.0044 1578 25 1792 27 12.0 1792 27 1.5%
Horn-G4 12 895 54 0.1000 0.0014 3.824 0.120 0.2755 0.0053 1568 30 1624 25 3.4 1624 25 1.6%
Horn-G4 13 3388 151 0.0983 0.0009 3.262 0.115 0.2502 0.0061 1439 35 1592 17 9.6 1592 17 1.1%
Horn-G4 15 4175 36 0.0702 0.0011 1.441 0.049 0.1488 0.0031 894 19 935 31 4.4 894 19 2.1%
Horn-G4 16 -278 42 0.1169 0.0041 4.712 0.241 0.3045 0.0133 1714 75 1910 63 10.3 1910 63 3.3%
Horn-G4 17 75380 93 0.1007 0.0010 3.851 0.114 0.2825 0.0058 1604 33 1637 18 2.0 1637 18 1.1%
Horn-G4 18 3155 173 0.1011 0.0010 3.528 0.081 0.2484 0.0044 1430 25 1644 19 13.0 1644 19 1.1%
Horn-G4 19 14311 64 0.0714 0.0010 1.411 0.044 0.1496 0.0027 899 16 969 29 7.3 969 29 2.9%
Horn-G4 20 311 34 0.0979 0.0015 3.655 0.133 0.2724 0.0074 1553 42 1584 28 2.0 1584 28 1.8%
Horn-G4 25 1995 40 0.1844 0.0018 11.555 0.425 0.4508 0.0158 2399 84 2692 16 10.9 2692 16 0.6%
Horn-G4 26 -1142 59 0.0945 0.0011 3.184 0.127 0.2487 0.0079 1432 45 1518 22 5.6 1518 22 1.4%
Horn-G4 27 -897 170 0.1012 0.0009 4.018 0.092 0.2839 0.0060 1611 34 1646 16 2.1 1646 16 1.0%
Horn-G4 28 -344411 83 0.0724 0.0010 1.595 0.040 0.1561 0.0030 935 18 996 27 6.1 996 27 2.7%
Horn-G4 30 27975 82 0.1012 0.0010 3.799 0.102 0.2682 0.0066 1532 38 1647 19 7.0 1647 19 1.1%
Horn-G4 31 9982 102 0.1022 0.0010 3.796 0.097 0.2799 0.0048 1591 27 1665 18 4.4 1665 18 1.1%
Horn-G4 32 -1504315 146 0.1011 0.0009 3.785 0.097 0.2735 0.0057 1559 33 1645 16 5.3 1645 16 1.0%
Horn-G4 33 -562 48 0.0965 0.0016 3.603 0.336 0.2837 0.0160 1610 91 1557 31 -3.4 1557 31 2.0%
Horn-G4 34 1259 252 0.1092 0.0013 4.465 0.092 0.2729 0.0073 1556 42 1787 22 12.9 1787 22 1.3%
Horn-G4 36 -77 21 0.1023 0.0015 3.854 0.160 0.2605 0.0173 1493 99 1666 27 10.4 1666 27 1.7%
Horn-G4 37 283 15 0.0571 0.0020 0.513 0.037 0.0682 0.0019 425 12 497 78 14.4 425 12 2.8%
Horn-G4 38 1727 80 0.0948 0.0014 2.918 0.081 0.2249 0.0053 1307 31 1524 28 14.2 1524 28 1.8%
Horn-G4 39 68141 142 0.0780 0.0008 1.979 0.060 0.1844 0.0046 1091 27 1147 19 4.9 1147 19 1.7%
Horn-G4 40 73006 175 0.0994 0.0009 3.748 0.080 0.2654 0.0056 1517 32 1613 16 5.9 1613 16 1.0%
Horn-G4 45 606 39 0.1007 0.0012 3.484 0.161 0.2560 0.0089 1469 51 1636 22 10.2 1636 22 1.3%
Horn-G4 46 8261 16 0.1011 0.0017 3.778 0.147 0.2716 0.0067 1549 38 1644 32 5.8 1644 32 1.9%
Horn-G4 47 2501 180 0.1044 0.0015 3.555 0.148 0.2540 0.0142 1459 82 1703 27 14.3 1703 27 1.6%
Horn-G4 48 758 60 0.1203 0.0017 4.815 0.235 0.2845 0.0056 1614 32 1960 25 17.7 1960 25 1.3%
Horn-G4 49 3295 37 0.0705 0.0012 1.466 0.047 0.1555 0.0028 932 17 943 34 1.2 943 34 3.6%
Horn-G4 50 701 57 0.0997 0.0010 3.360 0.162 0.2495 0.0098 1436 57 1618 19 11.3 1618 19 1.2%
Horn-G4 51 6863 160 0.0780 0.0009 1.918 0.060 0.1774 0.0037 1053 22 1148 24 8.3 1148 24 2.1%
Horn-G4 53 1762 59 0.1019 0.0011 3.896 0.148 0.2761 0.0092 1571 52 1659 20 5.3 1659 20 1.2%
Horn-G4 54 3477 116 0.0709 0.0008 1.372 0.063 0.1494 0.0042 898 25 955 22 6.0 898 25 2.8%
Horn-G4 55 9343 38 0.0677 0.0011 1.264 0.058 0.1397 0.0038 843 23 860 34 2.0 843 23 2.7%
Horn-G4 56 1054 36 0.0918 0.0019 2.641 0.189 0.2184 0.0074 1273 43 1463 39 13.0 1463 39 2.7%
Horn-G4 57 -775 81 0.0697 0.0009 1.388 0.046 0.1472 0.0035 885 21 920 26 3.8 885 21 2.4%
Horn-G4 59 6521 100 0.0769 0.0007 1.797 0.038 0.1648 0.0031 984 19 1119 19 12.1 1119 19 1.7%
Horn-G4 60 101 58 0.1007 0.0014 3.733 0.098 0.2627 0.0060 1504 34 1637 25 8.1 1637 25 1.6%
Horn-G4 66 -20902 28 0.0919 0.0013 2.890 0.079 0.2310 0.0041 1340 24 1466 27 8.6 1466 27 1.8%
201
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-G4 67 -71 148 0.1001 0.0009 3.565 0.107 0.2598 0.0062 1489 36 1627 18 8.5 1627 18 1.1%
Horn-G4 69 -1009209 99 0.0777 0.0014 1.965 0.066 0.1867 0.0041 1103 24 1140 36 3.2 1140 36 3.2%
Horn-G4 70 6762 190 0.0904 0.0012 2.409 0.139 0.2168 0.0061 1265 36 1433 26 11.7 1433 26 1.8%
Horn-G4 71 3852 32 0.1031 0.0019 3.702 0.126 0.2894 0.0054 1639 31 1681 33 2.5 1681 33 2.0%
Horn-G4 72 -2170 67 0.0995 0.0015 3.781 0.169 0.2858 0.0068 1621 39 1615 27 -0.3 1615 27 1.7%
Horn-G4 73 38 31 0.1028 0.0012 3.840 0.126 0.2604 0.0083 1492 47 1675 21 10.9 1675 21 1.2%
Horn-G4 74 -609541 85 0.0791 0.0010 1.998 0.062 0.1857 0.0036 1098 22 1175 26 6.5 1175 26 2.2%
Horn-G4 75 3971 119 0.1020 0.0012 3.989 0.103 0.2874 0.0051 1629 29 1660 22 1.9 1660 22 1.3%
Horn-G4 76 8201 139 0.0977 0.0012 3.301 0.091 0.2439 0.0069 1407 40 1580 24 11.0 1580 24 1.5%
Horn-G4 78 486 49 0.0997 0.0014 3.856 0.120 0.2857 0.0059 1620 33 1618 26 -0.1 1618 26 1.6%
Horn-G4 79 1234 110 0.0734 0.0015 1.519 0.234 0.1652 0.0055 986 33 1024 41 3.8 1024 41 4.0%
Horn-G4 80 303 13 0.0922 0.0015 3.001 0.131 0.2312 0.0084 1341 49 1471 31 8.9 1471 31 2.1%
Horn-G4 85 12392 18 0.0978 0.0017 3.380 0.139 0.2540 0.0075 1459 43 1583 32 7.9 1583 32 2.0%
Horn-G4 86 5317 132 0.0982 0.0009 3.507 0.117 0.2608 0.0079 1494 45 1590 18 6.1 1590 18 1.1%
Horn-G4 93 51332 56 0.1010 0.0012 3.740 0.129 0.2656 0.0081 1518 47 1642 21 7.6 1642 21 1.3%
Horn-G4 94 -661 32 0.1027 0.0024 3.735 0.142 0.2739 0.0082 1561 47 1673 43 6.7 1673 43 2.6%
Horn-G4 96 46518 70 0.0985 0.0010 3.826 0.080 0.2769 0.0044 1576 25 1596 19 1.3 1596 19 1.2%
Horn-G4 97 5036 165 0.0850 0.0011 2.399 0.092 0.1991 0.0057 1171 33 1316 25 11.1 1316 25 1.9%
Horn-G4 98 69679 85 0.0896 0.0010 3.028 0.065 0.2527 0.0037 1452 21 1417 21 -2.5 1417 21 1.5%
Horn-G4 99 -962288 81 0.0996 0.0016 3.385 0.143 0.2561 0.0076 1470 44 1617 30 9.1 1617 30 1.9%
Horn-G4 100 656 69 0.0808 0.0015 2.201 0.066 0.1796 0.0050 1065 30 1217 37 12.5 1217 37 3.0%
Horn-G4 101 62031 82 0.1013 0.0010 3.853 0.092 0.2793 0.0052 1588 29 1649 19 3.7 1649 19 1.1%
Horn-G4 102 16617 112 0.0996 0.0011 3.851 0.118 0.2857 0.0074 1620 42 1617 20 -0.2 1617 20 1.2%
Horn-G4 103 1658 54 0.0948 0.0011 3.053 0.122 0.2431 0.0072 1403 42 1524 21 7.9 1524 21 1.4%
Horn-G4 104 -282 115 0.0979 0.0010 3.344 0.077 0.2513 0.0038 1445 22 1584 19 8.8 1584 19 1.2%
Horn-G4 105 -18997 42 0.0819 0.0012 2.138 0.073 0.1984 0.0038 1167 22 1244 29 6.2 1244 29 2.3%
Horn-G4 106 15989 65 0.1016 0.0011 3.716 0.128 0.2697 0.0087 1539 50 1653 20 6.9 1653 20 1.2%
Horn-G4 111 393 24 0.1010 0.0015 3.552 0.140 0.2611 0.0066 1495 38 1642 28 8.9 1642 28 1.7%
Horn-G4 112 62812 87 0.0958 0.0014 3.407 0.090 0.2527 0.0061 1453 35 1543 27 5.9 1543 27 1.7%
Horn-G4 113 20754 84 0.0978 0.0010 3.382 0.113 0.2559 0.0068 1469 39 1583 19 7.2 1583 19 1.2%
Horn-G4 114 15103 79 0.0997 0.0012 3.912 0.097 0.2839 0.0064 1611 37 1618 23 0.4 1618 23 1.4%
Horn-G4 115 472 51 0.0876 0.0013 2.528 0.084 0.2009 0.0072 1180 42 1375 28 14.2 1375 28 2.0%
Horn-G4 116 2803 34 0.0745 0.0014 1.580 0.076 0.1523 0.0059 914 35 1056 37 13.4 1056 37 3.5%
Horn-G4 117 1713 168 0.1096 0.0016 4.068 0.181 0.2814 0.0079 1598 45 1793 26 10.9 1793 26 1.5%
Horn-G4 118 1753 62 0.1000 0.0010 3.934 0.098 0.2837 0.0060 1610 34 1624 19 0.9 1624 19 1.2%
Horn-G4 119 107059 96 0.1020 0.0011 3.998 0.089 0.2826 0.0045 1604 25 1662 19 3.4 1662 19 1.2%
Horn-G4 120 258 60 0.0652 0.0018 0.607 0.032 0.0661 0.0015 413 9 782 59 14.3 413 9 2.2%
Horn-G4 121 105 21 0.0760 0.0023 1.489 0.136 0.1557 0.0074 933 44 1096 60 14.9 1096 60 5.5%
Horn-G4 122 -141352 157 0.0607 0.0011 0.518 0.024 0.0663 0.0015 414 9 629 39 34.2 414 9 2.2%
Horn-G4 123 -6452 76 0.1114 0.0017 4.945 0.280 0.3165 0.0121 1773 68 1823 27 2.8 1823 27 1.5%
Horn-G4 124 -720029 53 0.1029 0.0012 3.826 0.124 0.2784 0.0056 1583 32 1677 21 5.6 1677 21 1.3%
202
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-G4 125 303 71 0.0696 0.0009 1.441 0.045 0.1526 0.0030 916 18 915 27 0.0 915 27 2.9%
Horn-G4 126 590 37 0.0860 0.0017 2.420 0.193 0.2070 0.0136 1213 79 1337 38 9.3 1337 38 2.8%
Horn-G4 132 3446 197 0.0822 0.0010 2.303 0.075 0.2018 0.0049 1185 29 1250 24 5.2 1250 24 1.9%
Horn-G4 133 44901 86 0.0905 0.0010 2.835 0.125 0.2296 0.0095 1332 55 1437 20 7.3 1437 20 1.4%
Horn-G4 134 6670 44 0.1295 0.0046 4.733 0.124 0.3476 0.0198 1923 110 2091 62 8.0 2091 62 3.0%
Horn-G4 135 -52523 7 0.0955 0.0023 3.258 0.143 0.2562 0.0061 1470 35 1538 45 4.4 1538 45 2.9%
Horn-G4 136 263 163 0.0992 0.0009 4.126 0.087 0.2948 0.0040 1665 23 1609 18 -3.5 1609 18 1.1%
Horn-G4 137 692 106 0.0979 0.0012 2.901 0.285 0.2209 0.0179 1287 104 1584 22 18.8 1584 22 1.4%
Horn-G4 138 -2081960 122 0.0965 0.0008 3.486 0.076 0.2598 0.0041 1489 23 1558 16 4.5 1558 16 1.1%
Horn-G4 139 -283 27 0.0697 0.0011 1.500 0.060 0.1578 0.0044 945 26 920 33 -2.7 920 33 3.6%
Horn-G4 140 -238 92 0.0996 0.0009 3.722 0.107 0.2742 0.0068 1562 39 1616 18 3.3 1616 18 1.1%
Horn-G4 141 -3791 103 0.0927 0.0015 3.181 0.117 0.2530 0.0072 1454 41 1482 31 1.9 1482 31 2.1%
Horn-G4 142 20900 118 0.0992 0.0009 3.915 0.102 0.2860 0.0068 1621 39 1610 17 -0.7 1610 17 1.1%
Horn-G4 143 10731 99 0.0777 0.0010 1.854 0.059 0.1711 0.0049 1018 29 1140 25 10.7 1140 25 2.2%
Horn-G4 144 -673 71 0.0535 0.0011 0.493 0.032 0.0656 0.0037 409 23 351 48 -16.6 409 23 5.7%
Horn-G4 145 367 99 0.0730 0.0009 1.627 0.056 0.1629 0.0047 973 28 1015 26 4.1 1015 26 2.6%
Horn-G4 146 -693417 57 0.1031 0.0012 3.863 0.125 0.2792 0.0060 1588 34 1681 22 5.5 1681 22 1.3%
Horn-H2 8 34430 79 0.0707 0.0009 1.549 0.071 0.1644 0.0026 981 15 947 25 -3.6 947 25 2.6%
Horn-H2 9 12299 51 0.1104 0.0088 3.956 0.122 0.2872 0.0070 1627 40 1806 144 9.9 1806 144 8.0%
Horn-H2 10 356 109 0.1091 0.0086 4.031 0.127 0.2926 0.0064 1655 36 1785 143 7.3 1785 143 8.0%
Horn-H2 11 3666 163 0.0756 0.0011 1.426 0.062 0.1552 0.0072 930 43 1085 29 14.3 1085 29 2.6%
Horn-H2 12 107474 229 0.0791 0.0006 2.189 0.066 0.2013 0.0056 1182 33 1174 15 -0.7 1174 15 1.3%
Horn-H2 13 213625 422 0.1007 0.0008 3.844 0.125 0.2833 0.0072 1608 41 1637 15 1.8 1637 15 0.9%
Horn-H2 14 -803151 103 0.0994 0.0008 3.933 0.090 0.2893 0.0054 1638 30 1613 14 -1.5 1613 14 0.9%
Horn-H2 15 17041 125 0.1062 0.0040 3.919 0.123 0.2799 0.0083 1591 47 1736 69 8.3 1736 69 4.0%
Horn-H2 16 8763 246 0.0908 0.0010 3.120 0.092 0.2439 0.0076 1407 44 1443 22 2.5 1443 22 1.5%
Horn-H2 18 -574 42 0.1016 0.0014 3.879 0.279 0.2690 0.0165 1536 94 1654 26 7.2 1654 26 1.6%
Horn-H2 20 842 11 0.0724 0.0018 1.622 0.064 0.1558 0.0037 934 22 998 49 6.5 998 49 4.9%
Horn-H2 25 3257 25 0.1027 0.0019 3.824 0.169 0.2852 0.0059 1618 33 1674 33 3.3 1674 33 2.0%
Horn-H2 26 3562 742 0.0867 0.0010 2.942 0.156 0.2256 0.0075 1312 44 1353 21 3.1 1353 21 1.6%
Horn-H2 27 -2476 43 0.1012 0.0011 3.806 0.180 0.2665 0.0142 1523 81 1647 19 7.5 1647 19 1.2%
Horn-H2 28 4604 62 0.1109 0.0028 3.634 0.170 0.2755 0.0052 1569 30 1815 45 13.6 1815 45 2.5%
Horn-H2 29 50141 124 0.1092 0.0103 3.842 0.114 0.2893 0.0077 1638 43 1786 171 8.3 1786 171 9.6%
Horn-H2 30 50284 93 0.1044 0.0040 4.014 0.111 0.2845 0.0085 1614 48 1704 70 5.3 1704 70 4.1%
Horn-H2 31 55311 401 0.0784 0.0008 2.120 0.057 0.1846 0.0029 1092 17 1156 21 5.6 1156 21 1.8%
Horn-H2 32 78 20 0.0747 0.0013 1.797 0.071 0.1738 0.0052 1033 31 1061 35 2.7 1061 35 3.3%
Horn-H2 33 8317 48 0.1065 0.0040 3.829 0.223 0.2797 0.0140 1590 79 1741 70 8.7 1741 70 4.0%
Horn-H2 35 1176 31 0.1024 0.0011 3.907 0.187 0.2837 0.0110 1610 62 1669 19 3.5 1669 19 1.2%
Horn-H2 36 10550 63 0.0921 0.0011 3.103 0.117 0.2474 0.0072 1425 41 1470 23 3.0 1470 23 1.6%
Horn-H2 37 62382 423 0.0975 0.0008 3.448 0.065 0.2578 0.0042 1479 24 1577 15 6.2 1577 15 0.9%
203
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-H2 38 213 117 0.0632 0.0014 0.499 0.049 0.0719 0.0016 448 10 714 47 37.3 448 10 2.3%
Horn-H2 39 -149 103 0.1000 0.0011 4.019 0.094 0.2808 0.0040 1596 23 1624 21 1.8 1624 21 1.3%
Horn-H2 40 9694 112 0.0778 0.0006 1.959 0.093 0.1888 0.0071 1115 42 1142 16 2.3 1142 16 1.4%
Horn-H2 45 39577 311 0.0774 0.0008 1.551 0.079 0.1479 0.0066 889 39 1132 19 21.5 889 39 4.4%
Horn-H2 46 26170 163 0.0767 0.0008 1.482 0.058 0.1405 0.0045 847 27 1114 22 24.0 847 27 3.2%
Horn-H2 47 2293 68 0.0992 0.0010 3.402 0.082 0.2491 0.0055 1434 32 1610 19 10.9 1610 19 1.2%
Horn-H2 49 930 62 0.1020 0.0010 3.891 0.130 0.2675 0.0110 1528 63 1660 17 7.9 1660 17 1.0%
Horn-H2 50 1490 55 0.1021 0.0010 4.089 0.118 0.2940 0.0067 1662 38 1663 18 0.1 1663 18 1.1%
Horn-H2 51 1859 97 0.0871 0.0009 2.378 0.077 0.2038 0.0052 1196 31 1362 20 12.2 1362 20 1.5%
Horn-H2 52 -1820 67 0.1119 0.0009 4.787 0.156 0.3128 0.0097 1755 54 1831 15 4.2 1831 15 0.8%
Horn-H2 54 602 66 0.1031 0.0010 3.911 0.217 0.2850 0.0124 1616 70 1681 18 3.8 1681 18 1.1%
Horn-H2 55 256 36 0.0978 0.0074 2.756 0.094 0.2307 0.0069 1338 40 1582 142 15.4 1582 142 9.0%
Horn-H2 56 4172 85 0.1028 0.0033 3.434 0.070 0.2440 0.0060 1407 35 1676 59 16.0 1676 59 3.5%
Horn-H2 57 -125 20 0.0962 0.0016 3.545 0.154 0.2699 0.0097 1540 55 1552 31 0.8 1552 31 2.0%
Horn-H2 58 480 135 0.0912 0.0007 3.202 0.062 0.2570 0.0039 1475 22 1452 15 -1.6 1452 15 1.1%
Horn-H2 59 104 33 0.0785 0.0014 1.795 0.123 0.1789 0.0036 1061 21 1159 35 8.5 1159 35 3.0%
Horn-H2 64 -695 57 0.0928 0.0011 3.398 0.099 0.2497 0.0121 1437 70 1484 23 3.2 1484 23 1.5%
Horn-H2 65 5440 195 0.1036 0.0009 3.661 0.122 0.2690 0.0115 1536 66 1689 17 9.1 1689 17 1.0%
Horn-H2 66 -69344 136 0.0705 0.0007 1.453 0.052 0.1475 0.0056 887 34 943 19 5.9 887 34 3.8%
Horn-H2 67 -468 94 0.0677 0.0010 1.168 0.049 0.1279 0.0029 776 17 860 31 9.8 776 17 2.2%
Horn-H2 68 10779 330 0.1017 0.0009 3.801 0.127 0.2663 0.0106 1522 61 1655 16 8.0 1655 16 1.0%
Horn-H2 69 1815 238 0.0763 0.0042 1.658 0.043 0.1655 0.0042 987 25 1104 109 10.6 1104 109 9.9%
Horn-H2 71 -840 84 0.0786 0.0011 1.833 0.089 0.1721 0.0058 1024 35 1162 28 11.9 1162 28 2.5%
Horn-H2 72 2819 36 0.1004 0.0011 3.772 0.159 0.2756 0.0098 1569 56 1631 20 3.8 1631 20 1.2%
Horn-H2 73 584 106 0.0852 0.0011 2.301 0.164 0.2049 0.0069 1201 40 1320 24 9.0 1320 24 1.9%
Horn-H2 74 2919 77 0.0728 0.0008 1.560 0.067 0.1593 0.0051 953 31 1008 22 5.4 1008 22 2.2%
Horn-H2 75 183 54 0.0981 0.0010 3.649 0.076 0.2667 0.0045 1524 26 1589 20 4.1 1589 20 1.2%
Horn-H2 76 -2754 41 0.0917 0.0015 3.099 0.478 0.2473 0.0335 1425 193 1460 30 2.4 1460 30 2.1%
Horn-H2 77 -8557 99 0.0979 0.0011 3.659 0.146 0.2714 0.0092 1548 53 1585 20 2.4 1585 20 1.3%
Horn-H2 78 2390 83 0.1022 0.0008 3.502 0.136 0.2520 0.0087 1449 50 1664 15 12.9 1664 15 0.9%
Horn-H2 79 50659 146 0.1030 0.0009 3.791 0.209 0.2824 0.0102 1603 58 1680 15 4.5 1680 15 0.9%
Horn-H2 84 3117 110 0.1076 0.0009 4.570 0.185 0.3101 0.0111 1741 62 1759 16 1.0 1759 16 0.9%
Horn-H2 85 495 70 0.1001 0.0008 4.058 0.091 0.2918 0.0062 1651 35 1626 15 -1.5 1626 15 0.9%
Horn-H2 86 22274 106 0.1007 0.0008 4.043 0.106 0.2807 0.0090 1595 51 1637 15 2.6 1637 15 0.9%
Horn-H2 87 18430 76 0.1043 0.0009 4.165 0.229 0.2893 0.0156 1638 88 1702 16 3.7 1702 16 0.9%
Horn-H2 88 3392 244 0.0989 0.0008 3.794 0.090 0.2791 0.0060 1587 34 1603 15 1.0 1603 15 0.9%
Horn-H2 89 40599 192 0.0588 0.0010 0.485 0.031 0.0658 0.0020 411 12 559 37 26.5 411 12 3.0%
Horn-H2 90 27231 22 0.0754 0.0011 1.830 0.092 0.1785 0.0063 1059 38 1080 30 1.9 1080 30 2.8%
Horn-H2 91 1134 175 0.1079 0.0010 2.981 0.083 0.1987 0.0055 1168 33 1765 16 33.8 1765 16 0.9%
Horn-H2 92 672 39 0.0712 0.0010 1.470 0.069 0.1505 0.0059 904 36 963 28 6.1 963 28 2.9%
Horn-H2 93 3092 41 0.1022 0.0010 3.870 0.132 0.2802 0.0071 1592 41 1665 18 4.4 1665 18 1.1%
204
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-H2 94 1931 121 0.1037 0.0019 3.864 0.140 0.2414 0.0102 1394 59 1692 34 17.6 1692 34 2.0%
Horn-H2 95 1788 90 0.0770 0.0009 1.757 0.063 0.1674 0.0044 998 26 1121 22 11.0 1121 22 2.0%
Horn-H2 96 11536 85 0.0971 0.0008 3.457 0.095 0.2575 0.0064 1477 37 1570 15 5.9 1570 15 1.0%
Horn-H2 97 738 151 0.1005 0.0008 3.846 0.200 0.2800 0.0125 1591 71 1634 15 2.6 1634 15 0.9%
Horn-H2 98 2240 41 0.1005 0.0015 3.823 0.357 0.2925 0.0123 1654 70 1632 27 -1.3 1632 27 1.6%
Horn-H2 99 466 65 0.0710 0.0010 1.523 0.039 0.1580 0.0030 946 18 958 28 1.2 958 28 2.9%
Horn-H2 104 869 108 0.1024 0.0010 3.518 0.105 0.2575 0.0056 1477 32 1668 19 11.4 1668 19 1.1%
Horn-H2 105 108 76 0.0755 0.0012 1.658 0.103 0.1544 0.0041 925 25 1081 31 14.4 1081 31 2.9%
Horn-H2 107 1687 108 0.1022 0.0008 3.802 0.124 0.2710 0.0071 1546 40 1664 15 7.1 1664 15 0.9%
Horn-H2 108 3757 40 0.0929 0.0010 3.290 0.090 0.2579 0.0050 1479 29 1486 20 0.5 1486 20 1.4%
Horn-H2 109 6248 148 0.0988 0.0010 3.210 0.143 0.2372 0.0091 1372 53 1601 19 14.3 1601 19 1.2%
Horn-H2 110 -10 148 0.0962 0.0008 3.280 0.107 0.2401 0.0051 1387 29 1551 16 10.5 1551 16 1.0%
Horn-H2 111 -18236 129 0.1009 0.0010 3.759 0.144 0.2676 0.0085 1528 49 1641 18 6.9 1641 18 1.1%
Horn-H2 112 12077 699 0.0736 0.0007 1.606 0.053 0.1639 0.0038 978 23 1030 20 5.1 1030 20 1.9%
Horn-H2 113 30683 113 0.0762 0.0008 1.852 0.055 0.1798 0.0035 1066 21 1101 22 3.2 1101 22 2.0%
Horn-H2 114 51297 146 0.0948 0.0010 2.805 0.164 0.2098 0.0054 1228 32 1524 20 19.4 1524 20 1.3%
Horn-H2 115 116123 655 0.1016 0.0009 4.205 0.139 0.2993 0.0083 1688 47 1654 17 -2.0 1654 17 1.0%
Horn-H2 118 20038 112 0.0938 0.0008 3.546 0.139 0.2647 0.0068 1514 39 1504 16 -0.6 1504 16 1.1%
Horn-H2 119 3034 122 0.1013 0.0010 3.659 0.226 0.2642 0.0143 1511 82 1648 18 8.3 1648 18 1.1%
Horn-H2 124 6518 197 0.1042 0.0008 3.687 0.106 0.2562 0.0053 1470 30 1700 14 13.5 1700 14 0.8%
Horn-H2 125 -333 61 0.1009 0.0008 3.831 0.133 0.2753 0.0082 1568 47 1641 15 4.5 1641 15 0.9%
Horn-H2 126 27892 291 0.0865 0.0009 2.491 0.087 0.2065 0.0073 1210 43 1350 20 10.4 1350 20 1.5%
Horn-H2 127 -267 68 0.0775 0.0011 1.943 0.090 0.1851 0.0053 1095 31 1133 29 3.4 1133 29 2.6%
Horn-H2 128 -1721 118 0.1092 0.0011 4.312 0.146 0.2878 0.0076 1631 43 1785 18 8.7 1785 18 1.0%
Horn-H2 129 4436 128 0.1000 0.0009 3.687 0.107 0.2709 0.0052 1545 30 1623 17 4.8 1623 17 1.0%
Horn-H2 132 797 34 0.0773 0.0012 1.847 0.081 0.1796 0.0042 1065 25 1128 32 5.6 1128 32 2.8%
Horn-H2 133 2564 70 0.1005 0.0008 3.933 0.099 0.2818 0.0059 1600 34 1634 14 2.1 1634 14 0.9%
Horn-H2 134 -2368 144 0.0754 0.0006 1.828 0.055 0.1780 0.0049 1056 29 1079 17 2.1 1079 17 1.6%
Horn-H2 135 -4339 91 0.0735 0.0008 1.629 0.080 0.1654 0.0059 987 35 1027 22 3.9 1027 22 2.1%
Horn-H2 136 -786026 48 0.1045 0.0010 3.905 0.197 0.2757 0.0121 1570 69 1705 17 7.9 1705 17 1.0%
Horn-H2 137 13637 27 0.1032 0.0012 4.015 0.146 0.2782 0.0095 1582 54 1683 21 6.0 1683 21 1.2%
Horn-H2 139 4019 32 0.1017 0.0012 3.624 0.238 0.2797 0.0111 1590 63 1655 22 3.9 1655 22 1.4%
Horn-H3 9 849 68 0.1027 0.0016 4.230 0.356 0.2986 0.0287 1685 162 1674 30 -0.6 1674 30 1.8%
Horn-H3 11 25967 118 0.0815 0.0014 2.434 0.072 0.2167 0.0125 1264 73 1233 34 -2.6 1233 34 2.8%
Horn-H3 12 789 32 0.0780 0.0015 2.149 0.081 0.1999 0.0032 1175 19 1147 38 -2.4 1147 38 3.3%
Horn-H3 14 -1390 49 0.1026 0.0027 3.991 0.148 0.2822 0.0125 1602 71 1671 49 4.1 1671 49 2.9%
Horn-H3 15 852 50 0.0980 0.0015 3.957 0.204 0.2929 0.0109 1656 62 1586 28 -4.4 1586 28 1.8%
Horn-H3 19 1910 137 0.1011 0.0015 4.179 0.168 0.2999 0.0109 1691 62 1644 27 -2.8 1644 27 1.7%
Horn-H3 20 4396 313 0.0956 0.0014 3.338 0.242 0.2533 0.0134 1455 77 1540 28 5.5 1540 28 1.8%
Horn-H3 25 1071 205 0.0908 0.0018 2.717 0.118 0.2170 0.0082 1266 48 1443 39 12.2 1443 39 2.7%
205
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-H3 26 1811 120 0.0889 0.0015 2.843 0.208 0.2318 0.0206 1344 119 1403 32 4.2 1403 32 2.3%
Horn-H3 28 635 27 0.1108 0.0020 4.494 0.150 0.2943 0.0133 1663 75 1812 32 8.2 1812 32 1.8%
Horn-H3 29 -5697 82 0.0927 0.0022 3.335 0.221 0.2609 0.0065 1494 37 1482 44 -0.9 1482 44 3.0%
Horn-H3 30 609 32 0.0733 0.0013 1.791 0.129 0.1772 0.0106 1052 63 1022 36 -2.9 1022 36 3.5%
Horn-H3 32 1179 60 0.1000 0.0018 3.914 0.277 0.2840 0.0186 1611 106 1623 33 0.7 1623 33 2.1%
Horn-H3 33 17638 42 0.1012 0.0019 4.256 0.532 0.3050 0.0398 1716 224 1646 35 -4.2 1646 35 2.1%
Horn-H3 35 156 11 0.0782 0.0014 2.172 0.096 0.2015 0.0070 1183 41 1152 37 -2.7 1152 37 3.2%
Horn-H3 37 1077 74 0.0768 0.0013 1.937 0.063 0.1828 0.0047 1082 28 1117 34 3.1 1117 34 3.0%
Horn-H3 40 3628 147 0.1000 0.0015 4.066 0.194 0.2950 0.0132 1667 74 1623 27 -2.7 1623 27 1.7%
Horn-H3 45 1393 56 0.1144 0.0017 5.637 0.526 0.3573 0.0313 1969 173 1871 28 -5.3 1871 28 1.5%
Horn-H3 46 1840 82 0.1037 0.0016 4.324 0.122 0.3024 0.0085 1703 48 1692 28 -0.7 1692 28 1.7%
Horn-H3 49 773 38 0.1012 0.0016 4.065 0.185 0.2913 0.0117 1648 66 1646 29 -0.1 1646 29 1.8%
Horn-H3 50 5838 267 0.1019 0.0017 3.875 0.138 0.2758 0.0120 1570 69 1659 30 5.4 1659 30 1.8%
Horn-H3 63 1660 52 0.0752 0.0013 1.687 0.156 0.1660 0.0096 990 57 1073 33 7.7 1073 33 3.1%
Horn-H3 64 5759 66 0.0994 0.0011 3.644 0.149 0.2729 0.0056 1555 32 1613 21 3.6 1613 21 1.3%
Horn-H3 65 -1258 45 0.0713 0.0014 1.555 0.113 0.1551 0.0122 930 73 965 39 3.7 965 39 4.0%
Horn-H3 66 -1811 62 0.1024 0.0011 3.949 0.115 0.2887 0.0062 1635 35 1668 20 2.0 1668 20 1.2%
Horn-H3 67 17353 74 0.1008 0.0010 3.899 0.204 0.2792 0.0145 1588 83 1640 18 3.2 1640 18 1.1%
Horn-H3 69 -2375 72 0.0796 0.0011 2.126 0.091 0.2031 0.0059 1192 35 1188 28 -0.3 1188 28 2.4%
Horn-H3 70 5886 40 0.1026 0.0011 3.758 0.213 0.2703 0.0127 1542 72 1672 20 7.8 1672 20 1.2%
Horn-H3 71 11883 91 0.1002 0.0011 3.684 0.106 0.2633 0.0054 1507 31 1628 20 7.4 1628 20 1.2%
Horn-H3 74 5146 182 0.0972 0.0009 3.756 0.095 0.2757 0.0049 1570 28 1570 17 0.0 1570 17 1.1%
Horn-H3 75 -2656 90 0.1033 0.0011 3.823 0.106 0.2687 0.0063 1534 36 1685 19 8.9 1685 19 1.1%
Horn-H3 80 29236 102 0.0701 0.0010 1.301 0.084 0.1406 0.0058 848 35 932 30 9.0 848 35 4.1%
Horn-H3 81 37568 277 0.1004 0.0008 3.734 0.148 0.2726 0.0093 1554 53 1632 15 4.8 1632 15 0.9%
Horn-H3 82 36489 207 0.1016 0.0009 3.935 0.163 0.2772 0.0119 1577 68 1653 16 4.6 1653 16 0.9%
Horn-H3 84 932 62 0.1019 0.0012 4.238 0.180 0.3022 0.0100 1702 57 1658 22 -2.6 1658 22 1.3%
Horn-H3 85 3832 104 0.0731 0.0008 1.662 0.073 0.1658 0.0065 989 39 1018 21 2.8 1018 21 2.0%
Horn-H3 86 -5697 76 0.0941 0.0011 3.113 0.234 0.2538 0.0112 1458 64 1509 22 3.4 1509 22 1.5%
Horn-H3 87 9007 45 0.1040 0.0012 3.837 0.169 0.2700 0.0108 1541 61 1697 21 9.2 1697 21 1.3%
Horn-H3 88 894 150 0.0697 0.0007 1.390 0.091 0.1451 0.0092 873 55 919 21 5.0 873 55 6.3%
Horn-H3 89 1273 107 0.0967 0.0009 3.405 0.105 0.2507 0.0057 1442 33 1560 17 7.6 1560 17 1.1%
Horn-H3 91 17471 106 0.1009 0.0009 3.668 0.110 0.2647 0.0067 1514 38 1641 17 7.7 1641 17 1.0%
Horn-H3 93 6707 34 0.0761 0.0013 1.942 0.094 0.1878 0.0077 1109 45 1097 33 -1.1 1097 33 3.0%
Horn-H3 95 14124 189 0.0986 0.0010 3.992 0.190 0.2935 0.0126 1659 71 1597 19 -3.9 1597 19 1.2%
Horn-H3 100 25741 228 0.0884 0.0009 2.504 0.107 0.2085 0.0069 1221 40 1391 19 12.3 1391 19 1.4%
Horn-H3 101 -6750 154 0.1013 0.0013 3.680 0.328 0.2651 0.0228 1516 131 1648 23 8.0 1648 23 1.4%
Horn-H3 102 -3507 146 0.0917 0.0010 3.096 0.089 0.2448 0.0073 1412 42 1462 20 3.5 1462 20 1.4%
Horn-H3 103 63166 222 0.0987 0.0009 3.569 0.115 0.2593 0.0065 1486 37 1599 18 7.1 1599 18 1.1%
Horn-H3 104 396 110 0.0962 0.0010 3.049 0.136 0.2340 0.0080 1355 46 1552 20 12.7 1552 20 1.3%
Horn-H3 105 -245 265 0.1100 0.0081 3.840 0.147 0.2782 0.0097 1582 55 1799 133 12.1 1799 133 7.4%
206
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-H3 106 414 23 0.0933 0.0012 3.036 0.188 0.2423 0.0124 1399 71 1495 24 6.4 1495 24 1.6%
Horn-H3 107 47022 234 0.1024 0.0009 3.866 0.195 0.2712 0.0145 1547 83 1667 16 7.2 1667 16 1.0%
Horn-H3 108 1653 102 0.0847 0.0017 2.292 0.100 0.2044 0.0035 1199 20 1308 39 8.4 1308 39 3.0%
Horn-H3 109 -3210 82 0.1055 0.0046 3.810 0.164 0.2751 0.0108 1567 62 1724 79 9.1 1724 79 4.6%
Horn-H3 110 1138 239 0.0968 0.0009 3.169 0.066 0.2382 0.0038 1377 22 1562 18 11.8 1562 18 1.1%
Horn-H3 111 -385 64 0.1015 0.0011 3.899 0.250 0.2794 0.0175 1588 100 1652 20 3.9 1652 20 1.2%
Horn-H3 112 -12298 127 0.0954 0.0010 3.226 0.212 0.2380 0.0255 1376 148 1537 19 10.4 1537 19 1.2%
Horn-H3 113 13413 338 0.0740 0.0007 1.719 0.078 0.1692 0.0073 1008 44 1041 19 3.2 1041 19 1.8%
Horn-H3 114 5636 122 0.0996 0.0012 3.447 0.129 0.2472 0.0137 1424 79 1617 23 11.9 1617 23 1.4%
Horn-H3 115 153 131 0.1025 0.0010 3.915 0.169 0.2737 0.0149 1559 85 1669 18 6.6 1669 18 1.1%
Horn-H3 120 14779 93 0.0962 0.0011 3.616 0.221 0.2647 0.0126 1514 72 1551 21 2.4 1551 21 1.4%
Horn-H3 121 -6685 66 0.1014 0.0011 4.011 0.354 0.2859 0.0241 1621 137 1651 19 1.8 1651 19 1.2%
Horn-H3 122 -1784 37 0.1013 0.0013 3.843 0.127 0.2969 0.0131 1676 74 1648 24 -1.7 1648 24 1.5%
Horn-H3 123 -3269 174 0.0787 0.0008 2.185 0.052 0.2032 0.0038 1192 23 1164 20 -2.4 1164 20 1.7%
Horn-H3 126 -2275 72 0.1147 0.0012 5.612 0.246 0.3523 0.0180 1946 100 1875 19 -3.8 1875 19 1.0%
Horn-H3 127 2130 88 0.0693 0.0011 1.411 0.081 0.1497 0.0058 899 35 909 34 1.0 899 35 3.9%
Horn-H3 128 31629 78 0.0716 0.0010 1.442 0.079 0.1565 0.0047 937 28 975 28 3.9 975 28 2.9%
Horn-H3 129 55083 92 0.1009 0.0011 3.840 0.120 0.2767 0.0068 1575 39 1641 20 4.0 1641 20 1.2%
Horn-H3 130 7806 214 0.0952 0.0014 2.802 1.037 0.2137 0.0711 1248 415 1533 27 18.6 1533 27 1.8%
Horn-H3 131 37828 45 0.1013 0.0010 3.898 0.130 0.2771 0.0085 1577 48 1648 18 4.3 1648 18 1.1%
Horn-H3 132 45265 71 0.1040 0.0011 4.344 0.346 0.3050 0.0226 1716 127 1697 19 -1.1 1697 19 1.1%
Horn-H3 133 -3293 204 0.0712 0.0008 1.530 0.097 0.1550 0.0101 929 61 963 24 3.6 963 24 2.4%
Horn-H3 134 2926 90 0.0992 0.0012 3.612 0.150 0.2654 0.0105 1518 60 1608 23 5.7 1608 23 1.4%
Horn-H3 135 -126 18 0.0816 0.0012 2.440 0.088 0.2169 0.0039 1265 23 1237 29 -2.3 1237 29 2.4%
Horn-H3 140 980 93 0.1012 0.0011 4.078 0.247 0.2927 0.0175 1655 99 1646 20 -0.6 1646 20 1.2%
Horn-H3 141 2810 87 0.0994 0.0010 3.861 0.215 0.2825 0.0145 1604 82 1613 20 0.5 1613 20 1.2%
Horn-H3 142 -213 60 0.0997 0.0012 3.765 0.140 0.2698 0.0091 1540 52 1618 22 4.8 1618 22 1.3%
Horn-H3 143 -2178 35 0.0730 0.0015 1.692 0.125 0.1658 0.0119 989 71 1014 42 2.5 1014 42 4.2%
Horn-H3 144 935 55 0.0990 0.0012 3.992 0.100 0.2900 0.0044 1642 25 1606 24 -2.2 1606 24 1.5%
Horn-H3 146 30622 164 0.1069 0.0017 4.247 0.282 0.2902 0.0171 1643 97 1747 28 6.0 1747 28 1.6%
Horn-H3 147 1092 65 0.0739 0.0010 1.712 0.158 0.1618 0.0212 967 126 1037 27 6.8 1037 27 2.6%
Horn-H3 148 121176 159 0.1007 0.0010 3.685 0.095 0.2651 0.0081 1516 46 1636 18 7.4 1636 18 1.1%
Horn-H3 149 15407 39 0.0939 0.0014 3.034 0.278 0.2354 0.0206 1363 119 1505 28 9.5 1505 28 1.9%
Horn-H3 150 8773 186 0.1010 0.0010 3.493 0.179 0.2507 0.0121 1442 70 1643 18 12.3 1643 18 1.1%
Horn-H3 151 6778 195 0.1000 0.0010 3.675 0.125 0.2635 0.0097 1508 56 1625 19 7.2 1625 19 1.2%
Horn-H3 152 2696 72 0.1042 0.0010 4.061 0.074 0.2794 0.0042 1588 24 1700 18 6.6 1700 18 1.1%
Horn-H3 153 8145 162 0.0976 0.0009 3.601 0.420 0.2679 0.0331 1530 189 1578 17 3.0 1578 17 1.1%
Horn-H3 154 38489 47 0.0983 0.0011 3.665 0.098 0.2788 0.0048 1586 28 1592 20 0.4 1592 20 1.3%
Horn-H3 155 19314 246 0.1007 0.0011 3.815 0.083 0.2706 0.0045 1544 25 1636 20 5.6 1636 20 1.2%
Horn-H3 161 1901 35 0.0979 0.0011 3.244 0.103 0.2503 0.0061 1440 35 1584 22 9.1 1584 22 1.4%
Horn-H3 163 -2016 60 0.1063 0.0009 3.841 0.153 0.2750 0.0102 1566 58 1736 16 9.8 1736 16 0.9%
207
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-H3 164 -429 65 0.1018 0.0009 3.902 0.079 0.2768 0.0080 1575 45 1658 16 5.0 1658 16 1.0%
Horn-H3 165 67244 93 0.1057 0.0014 3.867 0.118 0.2739 0.0099 1560 56 1726 25 9.6 1726 25 1.4%
Horn-H3 166 2125 28 0.0735 0.0011 1.536 0.095 0.1601 0.0071 957 43 1028 31 6.9 1028 31 3.0%
Horn-H3 167 -2177 102 0.1043 0.0008 4.033 0.118 0.2906 0.0076 1645 43 1701 14 3.3 1701 14 0.9%
Horn-H3 168 633 116 0.1006 0.0008 3.446 0.164 0.2598 0.0115 1489 66 1635 14 8.9 1635 14 0.9%
Horn-H3 169 -669 98 0.1025 0.0009 3.695 0.215 0.2710 0.0169 1546 96 1670 17 7.4 1670 17 1.0%
Horn-H3 171 37297 81 0.0995 0.0019 3.840 0.172 0.2852 0.0131 1617 75 1615 36 -0.1 1615 36 2.2%
Horn-H3 172 606 10 0.0947 0.0020 3.071 0.137 0.2396 0.0103 1385 60 1522 40 9.0 1522 40 2.6%
Horn-H3 174 25715 57 0.0947 0.0010 3.214 0.068 0.2489 0.0053 1433 31 1522 19 5.8 1522 19 1.3%
Horn-H3 175 3715 59 0.1022 0.0011 3.720 0.263 0.2726 0.0187 1554 107 1665 20 6.7 1665 20 1.2%
Horn-H3 176 -83201 52 0.1043 0.0011 3.853 0.173 0.2761 0.0144 1572 82 1702 19 7.6 1702 19 1.1%
Horn-H3 182 437 35 0.0766 0.0013 1.712 0.126 0.1687 0.0113 1005 67 1112 33 9.6 1112 33 2.9%
Horn-H3 183 68161 89 0.0787 0.0007 1.736 0.076 0.1669 0.0058 995 35 1165 19 14.6 1165 19 1.6%
Horn-H3 184 2038 32 0.1017 0.0015 3.556 0.147 0.2721 0.0060 1552 34 1655 27 6.3 1655 27 1.6%
Horn-H3 185 -208 19 0.1003 0.0016 3.676 0.259 0.2792 0.0156 1587 88 1630 30 2.6 1630 30 1.9%
Horn-H3 186 16671 75 0.0980 0.0011 3.551 0.280 0.2803 0.0127 1593 72 1586 21 -0.4 1586 21 1.3%
Horn-H3 187 1371 105 0.0998 0.0011 3.103 1.425 0.2408 0.0865 1391 500 1620 21 14.1 1620 21 1.3%
Horn-H3 188 -3941 397 0.1147 0.0012 4.163 0.136 0.2718 0.0082 1550 47 1875 19 17.3 1875 19 1.0%
Horn-H3 189 247 39 0.1056 0.0009 3.776 0.134 0.2686 0.0094 1534 54 1726 16 11.1 1726 16 0.9%
Horn-H3 190 -1166 31 0.2037 0.0020 14.974 1.140 0.5539 0.0333 2841 171 2856 16 0.5 2856 16 0.6%
Horn-H3 191 561 12 0.0934 0.0016 3.219 0.134 0.2535 0.0092 1457 53 1497 32 2.7 1497 32 2.1%
Horn-H3 192 54438 56 0.1044 0.0010 3.996 0.077 0.2901 0.0058 1642 33 1705 18 3.7 1705 18 1.1%
Horn-H3 193 -3703 60 0.0983 0.0011 3.647 0.221 0.2785 0.0156 1584 88 1592 22 0.5 1592 22 1.4%
Horn-H3 194 -1404 75 0.0749 0.0008 1.647 0.061 0.1590 0.0079 951 48 1067 23 10.8 1067 23 2.1%
Horn-H3 195 1069 58 0.0737 0.0011 1.542 0.084 0.1549 0.0090 929 54 1034 29 10.2 1034 29 2.8%
Horn-H3 196 -1935 234 0.1058 0.0012 3.907 0.164 0.2794 0.0130 1588 74 1728 20 8.1 1728 20 1.2%
Horn-H4 1 2637 252 0.0771 0.0016 1.585 0.086 0.1566 0.0046 938 28 1123 41 16.5 1123 41 3.7%
Horn-H4 2 128 50 0.1036 0.0023 3.829 0.147 0.2803 0.0053 1593 30 1689 40 5.7 1689 40 2.4%
Horn-H4 3 1863 33 0.0640 0.0026 0.622 0.068 0.0785 0.0020 487 12 741 86 34.3 487 12 2.5%
Horn-H4 4 1119 170 0.1018 0.0021 4.147 0.137 0.2921 0.0058 1652 33 1657 37 0.3 1657 37 2.3%
Horn-H4 5 3146 72 0.1093 0.0028 4.375 0.266 0.3105 0.0083 1743 46 1788 47 2.5 1788 47 2.6%
Horn-H4 6 422 32 0.0904 0.0040 1.897 0.185 0.1972 0.0146 1160 86 1435 85 19.1 1435 85 5.9%
Horn-H4 7 921 46 0.1066 0.0034 3.794 0.290 0.2693 0.0065 1537 37 1742 58 11.8 1742 58 3.3%
Horn-H4 8 136 25 0.1130 0.0032 3.751 0.151 0.2679 0.0063 1530 36 1848 51 17.2 1848 51 2.8%
Horn-H4 10 1040 62 0.0993 0.0035 2.977 0.404 0.2220 0.0123 1292 72 1612 66 19.8 1612 66 4.1%
Horn-H4 11 -73 14 0.1212 0.0041 5.062 0.263 0.3426 0.0415 1899 230 1974 60 3.8 1974 60 3.0%
Horn-H4 12 284 106 0.1042 0.0023 3.064 0.161 0.2422 0.0052 1398 30 1701 41 17.8 1701 41 2.4%
Horn-H4 13 346 10 0.0999 0.0063 2.320 0.521 0.2406 0.0228 1390 132 1621 118 14.3 1621 118 7.3%
Horn-H4 14 8318 458 0.0799 0.0015 1.948 0.066 0.1754 0.0044 1042 26 1194 37 12.8 1194 37 3.1%
Horn-H4 15 13 1 0.1890 0.0160 6.867 0.638 0.5432 0.0847 2797 436 2734 139 -2.3 2734 139 5.1%
208
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-I2 9 7446 131 0.0739 0.0008 1.739 0.041 0.1672 0.0052 997 31 1038 23 3.9 1038 23 2.2%
Horn-I2 10 3910 25 0.0697 0.0010 1.543 0.058 0.1581 0.0059 946 36 920 29 -2.8 920 29 3.2%
Horn-I2 11 11001 209 0.0991 0.0009 3.831 0.100 0.2776 0.0091 1579 52 1607 16 1.7 1607 16 1.0%
Horn-I2 12 -3182 77 0.1004 0.0010 3.909 0.120 0.2842 0.0094 1613 53 1632 18 1.2 1632 18 1.1%
Horn-I2 13 4847 75 0.0767 0.0009 2.092 0.053 0.1901 0.0066 1122 39 1112 24 -0.9 1112 24 2.2%
Horn-I2 15 1680 45 0.0947 0.0013 3.114 0.145 0.2543 0.0082 1461 47 1523 27 4.1 1523 27 1.7%
Horn-I2 16 -968 41 0.1007 0.0010 4.076 0.150 0.2883 0.0115 1633 65 1637 18 0.2 1637 18 1.1%
Horn-I2 18 692 6 0.0944 0.0048 2.435 0.153 0.2391 0.0114 1382 66 1516 96 8.8 1516 96 6.3%
Horn-I2 19 5000 118 0.0781 0.0008 2.007 0.104 0.1787 0.0131 1060 77 1150 21 7.9 1150 21 1.9%
Horn-I2 21 738 58 0.0989 0.0016 3.880 0.154 0.2846 0.0095 1614 54 1603 30 -0.7 1603 30 1.9%
Horn-I2 22 -32 12 0.0804 0.0018 2.214 0.089 0.1996 0.0052 1173 31 1208 44 2.9 1208 44 3.7%
Horn-I2 24 33 28 0.0748 0.0016 1.747 0.110 0.1694 0.0133 1009 79 1062 43 5.0 1062 43 4.0%
Horn-I2 25 4819 128 0.0923 0.0014 2.727 0.153 0.2144 0.0113 1252 66 1473 30 15.0 1473 30 2.0%
Horn-I2 26 6204 64 0.0967 0.0016 3.658 0.125 0.2744 0.0070 1563 40 1561 30 -0.1 1561 30 1.9%
Horn-I2 27 -2777 66 0.0908 0.0018 3.117 0.419 0.2489 0.0272 1433 156 1443 39 0.7 1443 39 2.7%
Horn-I2 28 273 45 0.0954 0.0016 3.158 0.110 0.2400 0.0075 1387 43 1537 31 9.8 1537 31 2.0%
Horn-I2 33 45559 132 0.0781 0.0013 1.936 0.066 0.1798 0.0047 1066 28 1150 32 7.3 1150 32 2.8%
Horn-I2 34 268 107 0.0974 0.0016 3.923 0.141 0.2922 0.0079 1652 45 1574 30 -5.0 1574 30 1.9%
Horn-I2 35 5184 13 0.0789 0.0016 2.215 0.121 0.2037 0.0083 1195 48 1169 41 -2.2 1169 41 3.5%
Horn-I2 36 1646 112 0.0730 0.0013 1.645 0.161 0.1635 0.0166 976 99 1014 36 3.7 1014 36 3.5%
Horn-I2 37 38559 103 0.0819 0.0014 2.378 0.153 0.2105 0.0093 1231 55 1244 34 1.0 1244 34 2.7%
Horn-I2 38 3115 89 0.0995 0.0016 3.959 0.137 0.2887 0.0082 1635 46 1614 30 -1.3 1614 30 1.9%
Horn-I2 39 8705 119 0.1032 0.0016 4.034 0.135 0.2835 0.0093 1609 53 1682 29 4.4 1682 29 1.7%
Horn-I2 40 -10913 45 0.1005 0.0019 4.054 0.138 0.2926 0.0076 1655 43 1633 35 -1.3 1633 35 2.1%
Horn-I2 41 312 63 0.0993 0.0019 3.468 0.117 0.2532 0.0094 1455 54 1612 36 9.7 1612 36 2.2%
Horn-I2 43 2510 42 0.0982 0.0016 3.900 0.134 0.2879 0.0070 1631 40 1591 31 -2.5 1591 31 1.9%
Horn-I2 44 2687 39 0.0854 0.0014 2.495 0.116 0.2120 0.0089 1239 52 1324 33 6.4 1324 33 2.5%
Horn-I2 45 42830 126 0.0865 0.0014 2.704 0.209 0.2267 0.0195 1317 113 1350 31 2.4 1350 31 2.3%
Horn-I2 46 4723 321 0.0700 0.0011 1.504 0.060 0.1557 0.0044 933 26 930 32 -0.4 930 32 3.5%
Horn-I2 47 1160 45 0.0979 0.0017 3.794 0.133 0.2811 0.0072 1597 41 1585 32 -0.8 1585 32 2.0%
Horn-I2 48 12720 69 0.0931 0.0015 3.187 0.122 0.2481 0.0086 1429 49 1491 30 4.2 1491 30 2.0%
Horn-I2 53 5862 741 0.0841 0.0014 2.253 0.073 0.1942 0.0051 1144 30 1296 32 11.7 1296 32 2.5%
Horn-I2 54 6798 78 0.0759 0.0014 1.987 0.066 0.1900 0.0101 1121 59 1092 36 -2.7 1092 36 3.3%
Horn-I2 55 -1254 47 0.0941 0.0016 3.337 0.130 0.2572 0.0088 1475 50 1510 32 2.3 1510 32 2.1%
Horn-I2 56 6118 39 0.0652 0.0015 1.076 0.097 0.1196 0.0080 728 49 782 50 6.9 728 49 6.7%
Horn-I2 57 -1557 42 0.1026 0.0019 4.008 0.226 0.2835 0.0149 1609 85 1671 34 3.7 1671 34 2.0%
Horn-I2 58 1826 25 0.1033 0.0022 4.152 0.194 0.2914 0.0105 1649 59 1685 40 2.2 1685 40 2.3%
Horn-I2 59 2486 58 0.0954 0.0016 3.720 0.109 0.2827 0.0064 1605 36 1537 32 -4.5 1537 32 2.1%
Horn-I2 60 234 38 0.0983 0.0025 3.976 0.142 0.2932 0.0084 1658 48 1593 47 -4.1 1593 47 2.9%
Horn-I2 61 4159 86 0.0754 0.0013 1.991 0.143 0.1915 0.0116 1130 69 1080 36 -4.6 1080 36 3.3%
Horn-I2 62 46690 119 0.1017 0.0016 3.987 0.142 0.2844 0.0091 1613 51 1655 29 2.5 1655 29 1.8%
209
Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-I2 63 1986 43 0.0986 0.0016 3.859 0.183 0.2839 0.0113 1611 64 1597 31 -0.9 1597 31 1.9%
Horn-I2 64 8001 113 0.0695 0.0012 1.454 0.052 0.1518 0.0046 911 27 912 34 0.2 912 34 3.8%
Horn-I2 66 -970 78 0.0731 0.0013 1.689 0.059 0.1677 0.0046 999 27 1016 36 1.7 1016 36 3.5%
Horn-I2 67 3592 325 0.0594 0.0012 0.814 0.061 0.0994 0.0036 611 22 582 44 -5.0 582 44 7.6%
Horn-I2 68 230 53 0.0999 0.0017 3.975 0.144 0.2887 0.0081 1635 46 1621 31 -0.8 1621 31 1.9%
Horn-I2 73 3855 73 0.0986 0.0016 3.912 0.167 0.2878 0.0105 1630 60 1598 30 -2.1 1598 30 1.9%
Horn-I2 74 4896 105 0.0700 0.0014 1.483 0.093 0.1538 0.0075 922 45 927 40 0.6 927 40 4.3%
Horn-I2 75 -1152 43 0.1013 0.0017 4.074 0.155 0.2916 0.0097 1650 55 1648 32 -0.1 1648 32 1.9%
Horn-I2 76 1857 87 0.0733 0.0012 1.641 0.071 0.1624 0.0058 970 35 1022 33 5.0 1022 33 3.3%
Horn-I2 77 3 41 0.0764 0.0015 2.041 0.077 0.1938 0.0050 1142 29 1105 38 -3.3 1105 38 3.4%
Horn-I2 79 131 27 0.0737 0.0014 1.782 0.082 0.1754 0.0062 1042 37 1033 40 -0.8 1033 40 3.8%
Horn-I2 80 36808 39 0.0732 0.0013 1.742 0.068 0.1727 0.0052 1027 31 1018 37 -0.8 1018 37 3.6%
Horn-I2 81 -664 40 0.0980 0.0017 3.976 0.193 0.2942 0.0117 1662 66 1587 33 -4.8 1587 33 2.1%
Horn-I2 82 -490 68 0.0986 0.0016 3.654 0.126 0.2687 0.0076 1534 44 1598 31 4.0 1598 31 1.9%
Horn-I2 83 213 13 0.0749 0.0026 1.753 0.189 0.1696 0.0095 1010 57 1067 69 5.3 1067 69 6.5%
Horn-I2 84 9183 28 0.0924 0.0019 3.434 0.201 0.2695 0.0124 1538 71 1476 38 -4.2 1476 38 2.6%
Horn-I2 85 18551 84 0.1007 0.0016 4.130 0.133 0.2975 0.0083 1679 47 1637 30 -2.6 1637 30 1.8%
Horn-I2 86 5447 18 0.0767 0.0016 1.807 0.135 0.1709 0.0101 1017 60 1112 42 8.5 1112 42 3.8%
Horn-I2 87 189009 182 0.0734 0.0013 1.742 0.094 0.1721 0.0072 1024 43 1026 37 0.2 1026 37 3.6%
Horn-I2 88 -9097 164 0.0958 0.0017 3.441 0.549 0.2605 0.0350 1493 201 1544 34 3.3 1544 34 2.2%
Horn-I2 93 2931 68 0.1002 0.0017 3.799 0.165 0.2750 0.0104 1566 59 1627 31 3.8 1627 31 1.9%
Horn-I2 94 1127 30 0.0885 0.0017 2.834 0.132 0.2322 0.0070 1346 40 1394 37 3.4 1394 37 2.6%
Horn-I2 95 2876 62 0.1866 0.0029 12.526 0.617 0.4868 0.0241 2557 127 2713 26 5.7 2713 26 0.9%
Horn-I2 96 3009 207 0.0759 0.0016 1.803 0.063 0.1723 0.0042 1025 25 1092 43 6.2 1092 43 3.9%
Horn-I2 97 4719 28 0.0997 0.0018 3.881 0.161 0.2823 0.0101 1603 57 1618 33 1.0 1618 33 2.0%
Horn-I2 98 45120 350 0.0710 0.0011 1.456 0.040 0.1487 0.0035 894 21 957 32 6.6 894 21 2.3%
Horn-I2 100 104530 140 0.0961 0.0016 3.378 0.163 0.2549 0.0111 1464 64 1550 30 5.5 1550 30 2.0%
Horn-I2 101 186 21 0.0993 0.0022 3.360 0.195 0.2453 0.0192 1414 111 1612 42 12.2 1612 42 2.6%
Horn-I2 102 87957 66 0.0917 0.0014 3.315 0.143 0.2621 0.0095 1501 54 1462 30 -2.7 1462 30 2.1%
Horn-I2 103 3273 100 0.0732 0.0013 1.738 0.070 0.1721 0.0058 1024 34 1021 35 -0.3 1021 35 3.4%
Horn-I2 104 70280 108 0.0978 0.0015 3.591 0.131 0.2664 0.0086 1523 49 1582 30 3.8 1582 30 1.9%
Horn-I2 105 5370 147 0.0753 0.0012 1.983 0.060 0.1911 0.0043 1127 25 1076 32 -4.8 1076 32 2.9%
Horn-J1 8 -15 25 0.1021 0.0019 4.035 0.264 0.2853 0.0091 1618 52 1663 35 2.7 1663 35 2.1%
Horn-J1 9 4862 57 0.0950 0.0020 2.572 0.163 0.2087 0.0042 1222 24 1527 39 20.0 1527 39 2.6%
Horn-J1 10 26140 148 0.0930 0.0016 3.375 0.214 0.2545 0.0062 1462 36 1487 32 1.7 1487 32 2.1%
Horn-J1 11 2102 25 0.0839 0.0022 2.637 0.167 0.2127 0.0038 1243 22 1291 50 3.7 1291 50 3.9%
Horn-J1 12 6248 25 0.0998 0.0020 4.115 0.258 0.2857 0.0052 1620 30 1621 37 0.0 1621 37 2.3%
Horn-J1 13 -23 66 0.0560 0.0013 0.528 0.037 0.0715 0.0013 445 8 452 52 1.3 445 8 1.8%
Horn-J1 14 -8050 14 0.1027 0.0023 4.186 0.274 0.2946 0.0065 1665 37 1674 42 0.6 1674 42 2.5%
Horn-J1 16 -942 91 0.0973 0.0017 3.786 0.241 0.2760 0.0060 1571 34 1573 33 0.1 1573 33 2.1%
Horn-J1 17 1265 89 0.1000 0.0017 4.004 0.242 0.2783 0.0049 1583 28 1624 33 2.5 1624 33 2.0%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-J1 18 205 15 0.0757 0.0018 2.048 0.139 0.1923 0.0041 1134 24 1087 47 -4.3 1087 47 4.3%
Horn-J1 19 48678 59 0.0976 0.0018 3.795 0.233 0.2689 0.0063 1535 36 1578 34 2.7 1578 34 2.2%
Horn-J1 20 -86 16 0.1110 0.0058 4.043 0.286 0.2913 0.0066 1648 38 1817 95 9.3 1817 95 5.2%
Horn-J1 25 248 33 0.0973 0.0020 3.571 0.229 0.2617 0.0053 1498 30 1574 38 4.8 1574 38 2.4%
Horn-J1 27 6023 39 0.0689 0.0016 1.580 0.105 0.1597 0.0032 955 19 896 47 -6.6 896 47 5.3%
Horn-J1 28 495 179 0.1013 0.0017 4.325 0.264 0.2968 0.0056 1676 32 1649 32 -1.6 1649 32 1.9%
Horn-J1 30 486 19 0.0564 0.0022 0.424 0.064 0.0647 0.0030 404 19 468 88 13.7 404 19 4.7%
Horn-J1 31 -325 58 0.0968 0.0018 3.567 0.221 0.2683 0.0043 1532 25 1563 36 2.0 1563 36 2.3%
Horn-J1 33 1310 93 0.0951 0.0016 2.822 0.190 0.2197 0.0055 1281 32 1530 33 16.3 1530 33 2.1%
Horn-J1 35 7809 36 0.0944 0.0019 3.534 0.246 0.2610 0.0089 1495 51 1517 37 1.5 1517 37 2.4%
Horn-J1 37 9482 58 0.0712 0.0014 1.497 0.098 0.1488 0.0032 894 19 962 41 7.0 962 41 4.3%
Horn-J1 38 585 59 0.0981 0.0018 3.921 0.241 0.2813 0.0052 1598 30 1587 34 -0.7 1587 34 2.1%
Horn-J1 39 1284 63 0.1052 0.0039 4.444 0.276 0.2970 0.0058 1677 33 1719 69 2.4 1719 69 4.0%
Horn-J1 40 47374 74 0.0900 0.0017 2.992 0.188 0.2276 0.0045 1322 26 1425 36 7.2 1425 36 2.5%
Horn-J1 45 155 73 0.0779 0.0016 1.821 0.119 0.1657 0.0036 988 21 1145 40 13.7 1145 40 3.5%
Horn-J1 46 274 37 0.0714 0.0014 1.527 0.095 0.1592 0.0031 952 18 968 41 1.6 968 41 4.2%
Horn-J1 48 2451 29 0.0995 0.0018 3.871 0.239 0.2841 0.0054 1612 31 1615 34 0.2 1615 34 2.1%
Horn-J1 49 8519 78 0.0998 0.0027 3.245 0.221 0.2735 0.0083 1559 48 1621 50 3.8 1621 50 3.1%
Horn-J1 50 406 67 0.0824 0.0017 1.726 0.122 0.1702 0.0040 1013 24 1256 41 19.4 1256 41 3.3%
Horn-J1 53 2443 63 0.1039 0.0019 4.230 0.259 0.3026 0.0048 1704 27 1695 33 -0.5 1695 33 2.0%
Horn-J1 54 348 69 0.0762 0.0018 1.755 0.130 0.1762 0.0038 1046 23 1100 48 4.9 1100 48 4.4%
Horn-J1 55 -432 40 0.1825 0.0037 10.287 0.703 0.4435 0.0169 2366 90 2676 33 11.6 2676 33 1.2%
Horn-J1 57 374 28 0.0744 0.0015 1.773 0.114 0.1688 0.0040 1006 24 1053 42 4.5 1053 42 4.0%
Horn-J1 58 666 75 0.0972 0.0017 3.553 0.233 0.2669 0.0082 1525 47 1570 32 2.9 1570 32 2.1%
Horn-J1 60 4291 59 0.0961 0.0017 3.506 0.212 0.2727 0.0040 1555 23 1550 33 -0.3 1550 33 2.2%
Horn-J1 65 148 51 0.0573 0.0015 0.519 0.040 0.0734 0.0014 457 9 501 56 8.9 457 9 1.9%
Horn-J1 66 26 55 0.0698 0.0015 1.369 0.086 0.1486 0.0027 893 16 923 43 3.3 893 16 1.8%
Horn-J1 67 119 54 0.0561 0.0014 0.564 0.039 0.0720 0.0020 448 13 455 55 1.4 448 13 2.8%
Horn-J1 68 118 103 0.0918 0.0017 2.934 0.188 0.2433 0.0055 1404 32 1462 35 4.0 1462 35 2.4%
Horn-J1 69 4151 67 0.0982 0.0018 3.538 0.237 0.2735 0.0060 1559 34 1590 35 2.0 1590 35 2.2%
Horn-J1 70 5645 60 0.0789 0.0015 1.865 0.116 0.1776 0.0035 1054 21 1169 37 9.9 1169 37 3.2%
Horn-J1 71 4137 295 0.0905 0.0016 3.136 0.258 0.2472 0.0123 1424 71 1436 34 0.8 1436 34 2.4%
Horn-J1 72 1300 199 0.0943 0.0016 3.103 0.207 0.2338 0.0061 1354 36 1515 33 10.6 1515 33 2.2%
Horn-J1 73 10322 225 0.1838 0.0030 11.689 0.793 0.4776 0.0150 2517 79 2688 27 6.4 2688 27 1.0%
Horn-J1 74 -1014 62 0.0778 0.0015 2.098 0.139 0.1990 0.0051 1170 30 1142 38 -2.5 1142 38 3.3%
Horn-J1 75 666 93 0.0962 0.0017 3.363 0.205 0.2536 0.0044 1457 25 1552 33 6.1 1552 33 2.1%
Horn-J1 76 -295 123 0.0852 0.0016 1.926 0.155 0.1797 0.0073 1065 43 1321 36 19.4 1321 36 2.7%
Horn-J1 77 -1056 43 0.1004 0.0018 3.990 0.261 0.2901 0.0096 1642 54 1632 34 -0.6 1632 34 2.1%
Horn-J1 85 2114 29 0.0792 0.0017 1.879 0.141 0.1833 0.0091 1085 54 1178 42 7.9 1178 42 3.5%
Horn-J1 86 20401 110 0.0999 0.0020 3.487 0.180 0.2690 0.0070 1536 40 1622 37 5.3 1622 37 2.3%
Horn-J1 87 9772 67 0.0982 0.0019 3.579 0.186 0.2731 0.0086 1556 49 1591 36 2.2 1591 36 2.3%
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Measured isotopic ratios Calculated Ages
Sample Analysis 206Pb/ U 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord. Best Age 1 σ relative
name # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
Horn-J1 88 338 53 0.1090 0.0031 3.249 0.200 0.2797 0.0073 1590 41 1783 51 10.8 1783 51 2.9%
Horn-J1 89 2382 126 0.1012 0.0019 3.652 0.215 0.2892 0.0089 1637 50 1646 34 0.5 1646 34 2.1%
Horn-J1 90 4523 88 0.1010 0.0020 3.617 0.186 0.2766 0.0075 1574 43 1643 36 4.2 1643 36 2.2%
Horn-J1 93 179 17 0.1017 0.0024 3.718 0.199 0.2828 0.0072 1606 41 1656 43 3.0 1656 43 2.6%
Horn-J1 94 851 50 0.0974 0.0019 3.515 0.178 0.2606 0.0064 1493 37 1575 37 5.2 1575 37 2.3%
Horn-J1 96 4033 292 0.0712 0.0013 1.491 0.072 0.1541 0.0041 924 24 963 38 4.0 963 38 3.9%
Horn-J1 97 3594 171 0.0543 0.0012 0.458 0.028 0.0682 0.0018 425 11 385 50 -10.5 425 11 2.6%
Horn-J1 98 7453 179 0.0774 0.0016 1.706 0.089 0.1742 0.0041 1035 25 1133 41 8.6 1133 41 3.7%
Horn-J1 99 87 97 0.0858 0.0018 2.246 0.130 0.2008 0.0057 1180 34 1333 41 11.5 1333 41 3.0%
Horn-J1 100 -546 29 0.1017 0.0027 4.089 0.270 0.2920 0.0069 1652 39 1655 49 0.2 1655 49 3.0%
Horn-J1 105 107 165 0.0789 0.0015 2.139 0.106 0.1911 0.0051 1127 30 1169 39 3.6 1169 39 3.3%
Horn-J1 106 733 192 0.0800 0.0016 1.771 0.098 0.1721 0.0041 1023 24 1198 39 14.6 1198 39 3.3%
Horn-J1 107 4306 168 0.1014 0.0019 3.852 0.218 0.2650 0.0108 1515 62 1650 35 8.2 1650 35 2.1%
Horn-J1 108 1949 99 0.0911 0.0017 2.765 0.153 0.2224 0.0063 1295 37 1449 37 10.6 1449 37 2.5%
Horn-J1 109 20393 154 0.0923 0.0017 3.005 0.167 0.2366 0.0080 1369 46 1474 36 7.1 1474 36 2.4%
Horn-J1 110 10558 56 0.1041 0.0020 4.122 0.219 0.2865 0.0080 1624 45 1698 36 4.3 1698 36 2.1%
Horn-J1 111 233 162 0.0569 0.0012 0.550 0.027 0.0688 0.0015 429 9 488 45 12.2 429 9 2.1%
Horn-J1 112 648 160 0.1188 0.0024 4.279 0.237 0.2725 0.0072 1554 41 1938 36 19.8 1938 36 1.8%
Horn-J1 113 28994 148 0.1036 0.0019 4.137 0.192 0.2824 0.0066 1603 38 1689 34 5.1 1689 34 2.0%
Horn-J1 114 8179 53 0.1110 0.0032 3.844 0.211 0.2870 0.0085 1627 48 1815 52 10.4 1815 52 2.9%
Horn-J1 116 1842 449 0.0585 0.0011 0.533 0.025 0.0653 0.0015 408 9 550 42 25.9 408 9 2.3%
Horn-J1 118 79 21 0.0914 0.0023 2.743 0.144 0.2052 0.0062 1203 36 1455 47 17.3 1455 47 3.2%
Horn-J1 119 90 44 0.0721 0.0020 1.436 0.083 0.1583 0.0037 948 22 988 58 4.1 988 58 5.8%
Horn-J1 120 102 56 0.0836 0.0018 2.421 0.115 0.2001 0.0047 1176 28 1283 43 8.4 1283 43 3.3%
Horn-J1 126 1185 36 0.1002 0.0023 4.087 0.204 0.2849 0.0070 1616 40 1628 43 0.7 1628 43 2.7%
Horn-J1 127 514 39 0.1075 0.0025 4.011 0.201 0.2948 0.0058 1665 33 1758 42 5.3 1758 42 2.4%
Horn-J1 129 503 82 0.1038 0.0022 4.282 0.223 0.2992 0.0091 1688 51 1694 39 0.4 1694 39 2.3%
Horn-J1 130 997 97 0.1016 0.0020 3.843 0.186 0.2752 0.0064 1567 37 1654 36 5.2 1654 36 2.2%
Horn-J1 131 -206 35 0.1045 0.0025 4.196 0.234 0.2926 0.0089 1655 50 1706 44 3.0 1706 44 2.6%
Horn-J1 132 73 25 0.0863 0.0021 2.195 0.149 0.2024 0.0062 1188 36 1344 47 11.6 1344 47 3.5%
Horn-J1 133 -6 7 0.0894 0.0033 2.204 0.170 0.2054 0.0074 1204 43 1413 70 14.8 1413 70 5.0%
Horn-J1 134 1619 13 0.1128 0.0041 3.739 0.296 0.2995 0.0101 1689 57 1846 66 8.5 1846 66 3.6%
Horn-J1 135 42 33 0.0811 0.0023 2.058 0.120 0.1766 0.0047 1048 28 1223 55 14.3 1223 55 4.5%
Horn-J1 137 1246 156 0.0938 0.0018 2.984 0.150 0.2284 0.0063 1326 37 1505 36 11.9 1505 36 2.4%
Horn-J1 139 -700 48 0.0804 0.0016 2.195 0.119 0.1947 0.0060 1147 35 1208 40 5.0 1208 40 3.3%
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Univeristy of AZ Laserchron data. Measured isotopic ratios Calculated Ages
Sample name 206Pb/ U U/Th 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord Best Age 1 σ relative
analysis # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
HCG-57-1 253052 441 8.1 0.0773 0.0009 1.986 0.034 0.1862 0.0024 1101 13 1130 23 2.6 1130 23 2.0%
HCG-57-2 66656 116 2.4 0.0967 0.0014 3.427 0.077 0.2571 0.0044 1475 23 1561 27 5.5 1561 27 1.7%
HCG-57-3 32030 124 1.0 0.0563 0.0039 0.519 0.037 0.0669 0.0012 417 7 463 152 9.9 417 7 1.8%
HCG-57-4 223602 265 1.8 0.0847 0.0005 2.627 0.033 0.2250 0.0025 1308 13 1308 12 0.0 1308 12 0.9%
HCG-57-5 25065 922 18.5 0.0610 0.0003 0.759 0.011 0.0902 0.0012 557 7 640 12 13.0 557 7 1.3%
HCG-57-6 66645 291 3.4 0.0930 0.0005 3.219 0.027 0.2509 0.0017 1443 9 1489 10 3.1 1489 10 0.7%
HCG-57-7 73581 92 1.5 0.1010 0.0010 3.888 0.053 0.2791 0.0024 1587 12 1643 19 3.4 1643 19 1.2%
HCG-57-8 91886 85 1.5 0.1004 0.0012 3.897 0.076 0.2815 0.0043 1599 22 1631 23 2.0 1631 23 1.4%
HCG-57-9 101138 124 2.2 0.0773 0.0018 1.983 0.078 0.1860 0.0059 1100 32 1129 47 2.6 1129 47 4.1%
HCG-57-10 84780 82 2.5 0.0919 0.0016 2.997 0.084 0.2366 0.0052 1369 27 1465 33 6.5 1465 33 2.3%
HCG-57-11 63507 82 1.9 0.1009 0.0014 3.816 0.097 0.2744 0.0059 1563 30 1640 25 4.7 1640 25 1.5%
HCG-57-12 62428 846 2.7 0.0659 0.0004 0.900 0.060 0.0991 0.0066 609 39 802 12 24.1 609 39 6.3%
HCG-57-13 229571 325 1.6 0.1008 0.0003 3.842 0.028 0.2765 0.0018 1574 9 1639 5 4.0 1639 5 0.3%
HCG-57-14 59990 243 1.5 0.0568 0.0013 0.554 0.013 0.0708 0.0007 441 4 482 49 8.5 441 4 0.9%
HCG-57-15 36502 90 3.0 0.0779 0.0012 2.000 0.047 0.1862 0.0034 1101 19 1145 30 3.8 1145 30 2.6%
HCG-57-16 299622 400 2.9 0.0879 0.0003 2.890 0.045 0.2385 0.0037 1379 19 1379 6 0.0 1379 6 0.4%
HCG-57-17 37100 693 3.8 0.1005 0.0002 3.811 0.112 0.2749 0.0081 1566 41 1634 5 4.2 1634 5 0.3%
HCG-57-18A 105665 132 1.3 0.1019 0.0006 4.071 0.066 0.2897 0.0043 1640 22 1659 11 1.2 1659 11 0.7%
HCG-57-21 122469 142 4.2 0.0783 0.0012 2.134 0.061 0.1977 0.0046 1163 25 1154 32 -0.8 1154 32 2.7%
HCG-57-22 211736 256 2.2 0.0896 0.0008 2.705 0.136 0.2189 0.0108 1276 57 1417 18 9.9 1417 18 1.3%
HCG-57-23 109900 106 1.4 0.1003 0.0007 3.967 0.089 0.2869 0.0061 1626 31 1629 14 0.2 1629 14 0.9%
HCG-57-24 35493 172 1.1 0.0529 0.0029 0.426 0.024 0.0584 0.0007 366 4 326 123 NA 366 4 1.1%
HCG-57-26 46366 58 2.5 0.0848 0.0027 2.673 0.101 0.2286 0.0047 1327 25 1311 61 -1.2 1311 61 4.7%
HCG-29-1 45788 85 2.0 0.0876 0.0010 2.942 0.101 0.2436 0.0079 1405 41 1374 22 -2.3 1374 22 1.6%
HCG-29-2 12998 178 1.8 0.1017 0.0009 3.610 0.310 0.2575 0.0220 1477 113 1655 17 10.8 1655 17 1.0%
HCG-29-3 189235 361 13.5 0.0749 0.0003 1.880 0.051 0.1821 0.0048 1078 26 1066 8 -1.1 1066 8 0.7%
HCG-29-4 31876 51 1.6 0.1018 0.0017 4.098 0.084 0.2918 0.0034 1651 17 1658 31 0.5 1658 31 1.9%
HCG-29-5 99397 113 3.0 0.0740 0.0018 1.752 0.048 0.1718 0.0022 1022 12 1041 49 1.8 1041 49 4.7%
HCG-29-6 202647 971 1.5 0.1016 0.0002 4.121 0.065 0.2942 0.0046 1663 23 1653 3 -0.6 1653 3 0.2%
HCG-29-8 15229 86 1.8 0.0521 0.0032 0.501 0.036 0.0698 0.0027 435 16 290 139 -50.0 435 16 3.7%
HCG-29-9 84161 433 1.3 0.1015 0.0002 4.000 0.076 0.2858 0.0054 1621 27 1652 4 1.9 1652 4 0.3%
HCG-29-10 71677 374 1.7 0.0563 0.0012 0.580 0.019 0.0747 0.0019 464 11 465 45 0.0 464 11 2.4%
HCG-29-12 73255 505 1.5 0.0552 0.0007 0.530 0.010 0.0696 0.0009 434 6 420 29 -3.4 434 6 1.3%
HCG-29-13 5997 658 1.7 0.0565 0.0011 0.535 0.022 0.0686 0.0025 428 15 473 44 9.5 428 15 3.5%
HCG-29-15 162082 308 1.8 0.0890 0.0006 2.911 0.066 0.2372 0.0052 1372 27 1404 12 2.3 1404 12 0.8%
HCG-29-16 6881 1267 2.2 0.0569 0.0016 0.513 0.030 0.0654 0.0033 409 20 487 63 16.2 409 20 4.9%
HCG-29-18 77636 106 3.6 0.1062 0.0007 4.438 0.114 0.3032 0.0075 1707 37 1735 13 1.6 1735 13 0.7%
HCG-29-19 119351 97 2.6 0.0969 0.0010 3.646 0.064 0.2729 0.0038 1555 19 1565 20 0.6 1565 20 1.3%
HCG-29-20 384323 268 1.3 0.0974 0.0006 3.702 0.096 0.2757 0.0069 1570 35 1575 12 0.3 1575 12 0.7%
HCG-29-21 51291 89 1.3 0.1020 0.0016 4.116 0.078 0.2925 0.0033 1654 16 1662 28 0.4 1662 28 1.7%
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Measured isotopic ratios Calculated Ages
Sample name 206Pb/ U U/Th 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord Best Age 1 σ relative
analysis # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
HCG-29-23 54118 73 1.6 0.0989 0.0013 3.716 0.102 0.2725 0.0066 1554 33 1603 24 3.1 1603 24 1.5%
HCG-29-24 95557 110 2.5 0.0782 0.0011 2.134 0.067 0.1980 0.0055 1164 30 1151 28 -1.2 1151 28 2.4%
HCG-29-25 183560 190 2.2 0.0860 0.0005 2.778 0.038 0.2342 0.0029 1356 15 1339 11 -1.3 1339 11 0.8%
HCG-29-26 33229 242 2.5 0.1013 0.0032 3.901 0.328 0.2792 0.0218 1587 110 1649 58 3.7 1649 58 3.5%
HCG-29-27 137523 279 1.3 0.1026 0.0003 4.113 0.052 0.2907 0.0036 1645 18 1672 6 1.6 1672 6 0.4%
HCG-29-28 9772 264 1.7 0.0581 0.0030 0.565 0.043 0.0705 0.0039 439 23 535 113 17.9 439 23 5.3%
HCG-29-29 5674 150 3.0 0.0971 0.0018 2.857 0.103 0.2135 0.0066 1247 35 1568 34 20.5 1568 34 2.2%
HCG-29-30 10563 79 2.0 0.0574 0.0055 0.570 0.056 0.0721 0.0014 449 9 506 212 11.3 449 9 1.9%
HCG-29-31 156927 166 2.4 0.1021 0.0011 4.158 0.087 0.2953 0.0053 1668 26 1663 20 -0.3 1663 20 1.2%
HCG-29-32 72789 68 1.0 0.1023 0.0017 4.135 0.088 0.2933 0.0039 1658 19 1665 31 0.5 1665 31 1.9%
HCG-29-33 25779 40 2.5 0.0975 0.0031 3.818 0.143 0.2839 0.0058 1611 29 1578 59 -2.1 1578 59 3.7%
HCG-29-35 136567 204 6.0 0.1126 0.0005 5.207 0.056 0.3354 0.0032 1865 15 1842 9 -1.2 1842 9 0.5%
HCG-29-36 109920 130 1.7 0.0766 0.0009 2.016 0.033 0.1909 0.0021 1126 11 1110 24 -1.4 1110 24 2.2%
HCG-29-38 19159 83 2.4 0.0599 0.0033 0.646 0.042 0.0783 0.0027 486 16 599 121 18.9 486 16 3.3%
HCG-29-39 126995 185 1.0 0.1022 0.0005 4.184 0.085 0.2970 0.0059 1676 29 1664 8 -0.7 1664 8 0.5%
HCG-29-42 3937 915 2.7 0.0574 0.0020 0.599 0.042 0.0758 0.0046 471 27 506 78 7.0 471 27 5.8%
HCG-29-43 135653 221 2.7 0.0787 0.0006 2.187 0.069 0.2015 0.0062 1183 33 1166 14 -1.5 1166 14 1.2%
HCG-29-44 60434 173 1.2 0.0926 0.0010 3.129 0.076 0.2452 0.0054 1414 28 1479 20 4.4 1479 20 1.3%
HCG-29-45 110786 563 0.9 0.0560 0.0008 0.546 0.010 0.0707 0.0009 440 5 451 30 2.3 440 5 1.2%
HCG-29-46 24555 83 3.0 0.1023 0.0010 4.091 0.107 0.2902 0.0070 1642 35 1666 19 1.4 1666 19 1.1%
HCG-29-47 2828 94 1.2 0.1040 0.0039 4.214 0.164 0.2938 0.0035 1660 18 1697 68 2.2 1697 68 4.0%
HCG-29-48 6316 911 16.7 0.0566 0.0017 0.537 0.020 0.0688 0.0015 429 9 477 65 10.2 429 9 2.0%
HCG-29-49 149732 289 2.4 0.1013 0.0005 4.097 0.075 0.2933 0.0051 1658 26 1648 10 -0.6 1648 10 0.6%
HCG-29-50 23306 373 2.4 0.0973 0.0004 3.231 0.101 0.2407 0.0074 1390 39 1574 7 11.7 1574 7 0.5%
HCG-29-51 138130 192 1.7 0.1009 0.0007 4.020 0.086 0.2891 0.0059 1637 29 1640 13 0.2 1640 13 0.8%
HCG-29-52 222661 369 4.0 0.0771 0.0004 1.971 0.035 0.1855 0.0032 1097 17 1123 11 2.3 1123 11 0.9%
HCG-29-53 29871 338 2.9 0.0558 0.0013 0.556 0.021 0.0722 0.0021 449 12 445 53 -1.0 449 12 2.8%
HCG-29-54 35731 201 2.7 0.0564 0.0020 0.543 0.025 0.0697 0.0019 435 12 470 80 7.5 435 12 2.7%
HCG-29-55 71531 444 5.5 0.1004 0.0005 3.768 0.144 0.2721 0.0103 1551 52 1632 10 4.9 1632 10 0.6%
HCG-29-56 75479 82 2.0 0.1011 0.0010 3.996 0.086 0.2867 0.0055 1625 27 1644 19 1.1 1644 19 1.1%
HCG-29-57 110279 183 1.1 0.1001 0.0007 3.879 0.061 0.2809 0.0040 1596 20 1627 13 1.9 1627 13 0.8%
HCG-29-58 32441 114 1.6 0.0568 0.0040 0.564 0.041 0.0720 0.0015 448 9 483 155 7.1 448 9 2.0%
HCG-29-59 177601 183 1.7 0.1061 0.0005 4.250 0.067 0.2905 0.0044 1644 22 1733 8 5.1 1733 8 0.5%
HCG-29-60 50708 76 1.6 0.1023 0.0028 4.086 0.129 0.2896 0.0048 1639 24 1667 50 1.6 1667 50 3.0%
HCG-29-61 29953 29 1.0 0.0967 0.0047 3.337 0.186 0.2503 0.0068 1440 35 1561 91 7.8 1561 91 5.8%
HCG-29-62 111029 87 2.0 0.1022 0.0024 4.089 0.135 0.2903 0.0067 1643 33 1664 44 1.2 1664 44 2.7%
HCG-29-64 49655 738 3.3 0.1035 0.0004 3.880 0.125 0.2718 0.0087 1550 44 1688 7 8.2 1688 7 0.4%
HCG-29-65 96071 827 1.9 0.0550 0.0004 0.533 0.008 0.0703 0.0010 438 6 414 17 -5.9 438 6 1.3%
HCG-29-66 25005 107 2.6 0.1002 0.0022 3.591 0.177 0.2598 0.0115 1489 59 1629 41 8.6 1629 41 2.5%
HCG-29-67 96825 319 1.7 0.0561 0.0018 0.568 0.025 0.0735 0.0022 457 13 455 71 -0.4 457 13 2.9%
HCG-29-68 45363 748 3.1 0.0822 0.0002 2.384 0.051 0.2103 0.0045 1231 24 1250 5 1.6 1250 5 0.4%
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Sample name 206Pb/ U U/Th 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord Best Age 1 σ relative
analysis # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
HCG-29-70 122771 162 1.3 0.1018 0.0006 4.125 0.077 0.2938 0.0052 1661 26 1658 11 -0.2 1658 11 0.7%
HCG-29-71 104277 197 3.1 0.1102 0.0004 4.895 0.065 0.3223 0.0042 1801 20 1802 6 0.1 1802 6 0.3%
HCG-29-72 105822 189 2.5 0.0785 0.0009 2.076 0.032 0.1919 0.0019 1132 10 1159 23 2.4 1159 23 1.9%
HCG-29-73 34559 109 2.4 0.0774 0.0020 1.900 0.076 0.1780 0.0054 1056 29 1132 52 6.7 1132 52 4.6%
HCG-29-74 129913 290 1.7 0.0978 0.0003 3.646 0.069 0.2704 0.0051 1543 26 1582 6 2.5 1582 6 0.4%
HCG-29-75 109010 131 1.7 0.1006 0.0006 4.055 0.062 0.2925 0.0041 1654 20 1635 12 -1.2 1635 12 0.7%
HCG-29-76 40695 137 1.2 0.0905 0.0009 3.264 0.170 0.2615 0.0134 1497 68 1437 19 -4.2 1437 19 1.3%
HCG-29-78 1503 344 1.5 0.0590 0.0023 0.582 0.029 0.0715 0.0022 445 13 567 84 21.6 445 13 3.0%
HCG-29-79 57823 176 1.8 0.0827 0.0009 2.493 0.127 0.2185 0.0109 1274 57 1263 20 -0.8 1263 20 1.6%
HCG-29-80 4233 162 1.9 0.0829 0.0013 2.437 0.073 0.2133 0.0054 1246 29 1266 30 1.6 1266 30 2.4%
HCG-29-81 225862 220 2.5 0.0853 0.0006 2.714 0.036 0.2307 0.0026 1338 14 1323 14 -1.1 1323 14 1.0%
HCG-29-82 20345 91 3.1 0.0701 0.0020 1.541 0.065 0.1593 0.0050 953 28 932 58 -2.2 932 58 6.3%
HCG-29-83 51510 308 1.7 0.0549 0.0016 0.530 0.017 0.0700 0.0009 436 5 409 64 -6.6 436 5 1.2%
HCG-29-84 32257 210 0.9 0.1008 0.0009 3.944 0.276 0.2838 0.0197 1611 99 1638 17 1.7 1638 17 1.0%
HCG-29-85 61358 97 1.3 0.1040 0.0009 4.264 0.136 0.2973 0.0091 1678 45 1697 16 1.1 1697 16 0.9%
HCG-29-86 50528 65 1.4 0.0741 0.0026 1.827 0.075 0.1788 0.0037 1061 20 1044 72 -1.6 1044 72 6.9%
HCG-29-87 75660 139 2.7 0.0736 0.0017 1.797 0.053 0.1771 0.0032 1051 18 1031 46 -2.0 1031 46 4.5%
HCG-29-88 30089 971 70.0 0.0557 0.0007 0.541 0.013 0.0704 0.0014 439 9 440 27 0.2 439 9 2.0%
HCG-29-89 6615 101 0.9 0.1069 0.0017 3.902 0.318 0.2646 0.0212 1513 108 1748 29 13.4 1748 29 1.7%
HCG-29-90 127416 227 2.3 0.0895 0.0005 2.942 0.102 0.2385 0.0081 1379 42 1414 10 2.5 1414 10 0.7%
HCG-29-91 3659 192 0.9 0.0561 0.0020 0.529 0.025 0.0685 0.0022 427 13 454 79 6.0 427 13 3.1%
HCG-29-92 27780 102 1.8 0.0991 0.0017 3.688 0.152 0.2698 0.0100 1540 51 1608 33 4.2 1608 33 2.0%
HCG-29-93 195878 115 1.7 0.0916 0.0014 3.232 0.105 0.2558 0.0074 1468 38 1460 29 -0.6 1460 29 2.0%
HCG-29-94 192922 130 1.6 0.1022 0.0008 4.196 0.099 0.2976 0.0066 1680 33 1665 15 -0.9 1665 15 0.9%
HCG-29-95 80004 84 2.3 0.0761 0.0017 2.031 0.063 0.1936 0.0040 1141 22 1097 45 -4.0 1097 45 4.1%
HCG-29-96 143322 228 0.8 0.1005 0.0004 3.891 0.074 0.2807 0.0052 1595 26 1634 7 2.4 1634 7 0.4%
HCG-29-97 140466 253 2.3 0.0746 0.0007 1.870 0.044 0.1819 0.0039 1077 22 1057 18 -2.0 1057 18 1.7%
HCG-29-98 63405 78 0.8 0.0993 0.0015 4.062 0.145 0.2968 0.0097 1675 48 1611 28 -4.0 1611 28 1.7%
HCG-29-99 57292 87 1.0 0.0919 0.0016 3.295 0.116 0.2601 0.0079 1491 41 1464 34 -1.8 1464 34 2.3%
HCG-32-1 146634 185 1.8 0.0794 0.0007 2.171 0.026 0.1983 0.0016 1166 9 1182 17 1.3 1182 17 1.4%
HCG-32-2 47836 58 1.2 0.0889 0.0016 2.981 0.097 0.2432 0.0066 1403 34 1402 35 -0.1 1402 35 2.5%
HCG-32-3 15323 179 1.5 0.1004 0.0009 3.350 0.176 0.2419 0.0125 1396 65 1632 17 14.5 1632 17 1.1%
HCG-32-5 276694 1091 4.0 0.0977 0.0002 3.456 0.032 0.2566 0.0023 1472 12 1581 3 6.9 1581 3 0.2%
HCG-32-6 6810 142 0.9 0.1013 0.0015 3.650 0.086 0.2612 0.0049 1496 25 1649 27 9.3 1649 27 1.6%
HCG-32-7 177401 135 1.0 0.1017 0.0005 3.894 0.075 0.2776 0.0052 1579 26 1656 9 4.6 1656 9 0.5%
HCG-32-8 14301 383 1.0 0.0553 0.0011 0.542 0.024 0.0711 0.0028 443 17 425 44 -4.2 443 17 3.8%
HCG-32-9 170655 150 1.2 0.0854 0.0009 2.725 0.036 0.2315 0.0018 1342 9 1324 20 -1.4 1324 20 1.5%
HCG-32-10 20253 294 1.2 0.0958 0.0006 2.918 0.117 0.2208 0.0087 1286 46 1545 12 16.7 1545 12 0.8%
HCG-32-100 195474 148 1.2 0.1017 0.0010 4.159 0.047 0.2966 0.0014 1674 7 1655 19 -1.2 1655 19 1.1%
HCG-32-11 119902 180 0.8 0.1005 0.0005 3.969 0.057 0.2865 0.0039 1624 19 1633 9 0.6 1633 9 0.6%
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HCG-32-12 252969 212 1.4 0.1014 0.0005 4.084 0.053 0.2920 0.0036 1652 18 1650 8 -0.1 1650 8 0.5%
HCG-32-13 45686 94 2.1 0.0732 0.0015 1.728 0.044 0.1713 0.0025 1019 14 1019 41 0.0 1019 41 4.1%
HCG-32-14 323296 346 1.1 0.1008 0.0004 4.073 0.112 0.2931 0.0080 1657 40 1639 7 -1.1 1639 7 0.4%
HCG-32-15 138827 149 1.2 0.1018 0.0005 4.061 0.033 0.2894 0.0019 1639 9 1657 9 1.1 1657 9 0.5%
HCG-32-16 53733 250 2.3 0.1001 0.0004 3.906 0.058 0.2831 0.0041 1607 20 1625 7 1.1 1625 7 0.4%
HCG-32-18 121040 139 3.1 0.0730 0.0006 1.754 0.042 0.1743 0.0039 1036 21 1013 16 -2.2 1013 16 1.6%
HCG-32-19 67969 162 2.6 0.0736 0.0009 1.789 0.038 0.1763 0.0031 1047 17 1030 25 -1.6 1030 25 2.4%
HCG-32-20 223598 234 1.1 0.1019 0.0003 4.054 0.079 0.2887 0.0056 1635 28 1658 5 1.4 1658 5 0.3%
HCG-32-21 81524 62 2.5 0.1333 0.0012 7.128 0.082 0.3879 0.0029 2113 14 2142 15 1.3 2142 15 0.7%
HCG-32-22 812298 402 0.8 0.1015 0.0001 3.969 0.035 0.2836 0.0024 1609 12 1652 2 2.6 1652 2 0.1%
HCG-32-23 97191 438 1.9 0.0559 0.0007 0.520 0.009 0.0674 0.0008 421 5 450 26 6.5 421 5 1.1%
HCG-32-24 105242 82 1.2 0.1010 0.0006 3.968 0.045 0.2849 0.0027 1616 13 1643 12 1.7 1643 12 0.7%
HCG-32-25 16784 731 1.1 0.0975 0.0005 3.129 0.196 0.2328 0.0145 1349 76 1576 10 14.4 1576 10 0.6%
HCG-32-26 144227 939 2.0 0.0903 0.0007 2.896 0.034 0.2325 0.0021 1348 11 1432 14 5.9 1432 14 1.0%
HCG-32-27 105304 127 2.1 0.1011 0.0004 3.868 0.054 0.2774 0.0037 1578 18 1645 8 4.0 1645 8 0.5%
HCG-32-28 83355 167 1.3 0.0794 0.0007 2.248 0.045 0.2053 0.0037 1204 20 1183 18 -1.7 1183 18 1.5%
HCG-32-29 114081 101 1.0 0.0990 0.0010 3.838 0.047 0.2812 0.0018 1597 9 1606 19 0.5 1606 19 1.2%
HCG-32-30 259536 152 1.3 0.1018 0.0006 4.060 0.060 0.2893 0.0039 1638 20 1657 11 1.1 1657 11 0.6%
HCG-32-31 19696 96 1.8 0.0570 0.0037 0.569 0.038 0.0724 0.0013 451 8 493 141 8.6 451 8 1.7%
HCG-32-32 128186 194 1.8 0.1010 0.0003 4.077 0.074 0.2927 0.0052 1655 26 1643 6 -0.7 1643 6 0.4%
HCG-32-33 138274 193 3.8 0.0976 0.0005 3.733 0.048 0.2775 0.0032 1579 16 1578 10 -0.1 1578 10 0.6%
HCG-32-34 193025 174 1.3 0.1021 0.0005 4.057 0.063 0.2883 0.0042 1633 21 1662 10 1.8 1662 10 0.6%
HCG-32-35 23204 298 0.9 0.1012 0.0002 3.990 0.097 0.2859 0.0069 1621 35 1647 4 1.6 1647 4 0.2%
HCG-32-36 26326 43 3.3 0.0864 0.0022 2.848 0.104 0.2391 0.0063 1382 33 1347 49 -2.6 1347 49 3.6%
HCG-32-37 134881 285 0.7 0.0748 0.0004 1.823 0.017 0.1768 0.0014 1050 8 1062 11 1.2 1062 11 1.0%
HCG-32-38 88468 127 1.3 0.1028 0.0009 4.128 0.067 0.2912 0.0039 1647 20 1676 16 1.7 1676 16 1.0%
HCG-32-39 130901 143 3.8 0.1016 0.0005 4.272 0.074 0.3051 0.0050 1716 25 1653 10 -3.8 1653 10 0.6%
HCG-32-40 45140 56 0.8 0.0763 0.0029 1.958 0.085 0.1861 0.0039 1100 21 1102 76 0.2 1102 76 6.9%
HCG-32-41 14689 832 1.0 0.0564 0.0008 0.527 0.020 0.0678 0.0024 423 14 468 32 9.6 423 14 3.4%
HCG-32-43 151575 136 2.0 0.1016 0.0005 4.010 0.124 0.2862 0.0087 1623 44 1654 8 1.9 1654 8 0.5%
HCG-32-44 75867 394 1.5 0.0565 0.0012 0.546 0.014 0.0701 0.0009 437 5 471 49 7.3 437 5 1.2%
HCG-32-45 177476 175 3.3 0.0978 0.0008 3.704 0.088 0.2747 0.0061 1565 31 1582 16 1.1 1582 16 1.0%
HCG-32-46 71879 241 2.4 0.0750 0.0006 1.843 0.027 0.1781 0.0022 1057 12 1069 15 1.1 1069 15 1.4%
HCG-32-47 68467 463 2.7 0.1069 0.0002 4.490 0.065 0.3045 0.0044 1714 22 1748 3 2.0 1748 3 0.2%
HCG-32-48 56161 69 1.9 0.1013 0.0006 3.993 0.036 0.2859 0.0018 1621 9 1648 12 1.7 1648 12 0.7%
HCG-32-49 63852 72 1.3 0.1015 0.0010 3.888 0.062 0.2779 0.0033 1581 17 1651 19 4.2 1651 19 1.2%
HCG-32-4A 112132 487 1.2 0.0978 0.0005 3.603 0.081 0.2673 0.0059 1527 30 1582 9 3.5 1582 9 0.6%
HCG-32-50 202366 133 1.8 0.1019 0.0005 3.968 0.048 0.2823 0.0031 1603 16 1660 9 3.4 1660 9 0.5%
HCG-32-51 10964 25 0.6 0.1902 0.0043 13.944 0.375 0.5316 0.0079 2748 33 2744 37 -0.2 2744 37 1.3%
HCG-32-52 7478 44 1.1 0.0945 0.0033 3.227 0.142 0.2477 0.0064 1427 33 1518 67 6.0 1518 67 4.4%
HCG-32-53 52105 63 1.6 0.0922 0.0024 3.282 0.099 0.2582 0.0037 1480 19 1471 50 -0.6 1471 50 3.4%
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analysis # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
HCG-32-54 163324 127 2.0 0.1843 0.0010 12.779 0.543 0.5029 0.0212 2626 91 2692 9 2.4 2692 9 0.3%
HCG-32-55 61665 90 1.0 0.0963 0.0011 3.303 0.065 0.2487 0.0040 1432 21 1554 22 7.9 1554 22 1.4%
HCG-32-56 8504 224 1.5 0.0774 0.0014 1.546 0.108 0.1449 0.0098 872 55 1131 37 22.8 1131 37 3.3%
HCG-32-57 39219 439 2.1 0.1046 0.0004 4.312 0.093 0.2991 0.0064 1687 32 1707 6 1.2 1707 6 0.4%
HCG-32-58 354462 276 5.7 0.1114 0.0006 5.137 0.066 0.3345 0.0040 1860 19 1822 9 -2.1 1822 9 0.5%
HCG-32-59 41691 176 1.2 0.0550 0.0016 0.566 0.017 0.0747 0.0006 464 4 411 65 -13.0 464 4 0.8%
HCG-32-60 97697 83 1.2 0.1031 0.0012 4.358 0.075 0.3067 0.0039 1724 19 1680 21 -2.7 1680 21 1.3%
HCG-32-61 32791 98 1.2 0.0743 0.0016 1.838 0.043 0.1795 0.0014 1064 8 1049 44 -1.4 1049 44 4.2%
HCG-32-63 134907 163 1.1 0.1005 0.0005 3.851 0.051 0.2780 0.0034 1581 17 1633 10 3.2 1633 10 0.6%
HCG-32-64 15612 231 1.6 0.0780 0.0009 1.950 0.052 0.1813 0.0043 1074 24 1148 24 6.4 1148 24 2.1%
HCG-32-65 52209 145 1.1 0.1014 0.0009 3.941 0.044 0.2818 0.0017 1600 9 1651 17 3.0 1651 17 1.1%
HCG-32-66 150402 187 1.1 0.0740 0.0007 1.791 0.055 0.1756 0.0051 1043 28 1041 19 -0.2 1041 19 1.8%
HCG-32-67 43092 110 1.3 0.1010 0.0005 3.938 0.089 0.2827 0.0062 1605 31 1643 10 2.3 1643 10 0.6%
HCG-32-68 98967 217 2.6 0.0561 0.0012 0.590 0.026 0.0764 0.0030 474 18 455 47 -4.3 474 18 3.8%
HCG-32-69 198053 195 2.2 0.0914 0.0007 3.198 0.052 0.2537 0.0035 1457 18 1455 15 -0.1 1455 15 1.1%
HCG-32-70 95830 99 2.3 0.0908 0.0008 3.017 0.082 0.2409 0.0062 1391 32 1443 17 3.6 1443 17 1.2%
HCG-32-71 8139 116 1.3 0.1017 0.0009 4.047 0.056 0.2886 0.0031 1635 16 1655 16 1.3 1655 16 1.0%
HCG-32-72 136585 71 1.6 0.1026 0.0009 4.231 0.097 0.2992 0.0063 1687 31 1671 16 -1.0 1671 16 1.0%
HCG-32-73 72014 371 0.9 0.0551 0.0010 0.530 0.010 0.0697 0.0005 434 3 417 40 -4.1 434 3 0.7%
HCG-32-74 200644 337 1.5 0.1017 0.0003 4.078 0.033 0.2908 0.0022 1645 11 1656 5 0.6 1656 5 0.3%
HCG-32-75 149759 440 1.5 0.0561 0.0011 0.577 0.012 0.0746 0.0006 464 4 458 42 -1.2 464 4 0.8%
HCG-32-76 29447 63 1.4 0.0968 0.0009 3.535 0.056 0.2647 0.0035 1514 18 1564 17 3.2 1564 17 1.1%
HCG-32-77 90893 387 1.7 0.0556 0.0012 0.535 0.012 0.0698 0.0006 435 4 437 48 0.5 435 4 0.8%
HCG-32-78 183533 105 1.2 0.1020 0.0006 4.089 0.072 0.2906 0.0048 1645 24 1662 11 1.0 1662 11 0.6%
HCG-32-79 56682 68 1.4 0.0749 0.0025 1.871 0.069 0.1812 0.0027 1073 15 1065 68 -0.8 1065 68 6.4%
HCG-32-80 4155 373 1.1 0.0560 0.0014 0.532 0.027 0.0690 0.0030 430 18 451 57 4.6 430 18 4.2%
HCG-32-81 28829 120 1.3 0.0559 0.0016 0.524 0.018 0.0680 0.0013 424 8 449 63 5.7 424 8 1.9%
HCG-32-82 35531 71 1.3 0.1011 0.0011 3.972 0.105 0.2851 0.0069 1617 34 1644 20 1.6 1644 20 1.2%
HCG-32-83 33932 71 2.6 0.0786 0.0012 2.237 0.051 0.2065 0.0035 1210 19 1161 30 -4.3 1161 30 2.6%
HCG-32-84 95712 139 1.8 0.1011 0.0007 4.072 0.050 0.2920 0.0029 1652 14 1645 14 -0.4 1645 14 0.8%
HCG-32-85 128253 175 2.4 0.1021 0.0007 4.142 0.044 0.2944 0.0024 1663 12 1662 13 -0.1 1662 13 0.8%
HCG-32-86 14286 657 1.0 0.0566 0.0012 0.550 0.019 0.0705 0.0019 439 11 476 46 7.6 439 11 2.5%
HCG-32-87 255159 793 3.4 0.0991 0.0006 3.365 0.140 0.2462 0.0101 1419 52 1608 12 11.7 1608 12 0.8%
HCG-32-88 14315 91 2.0 0.2051 0.0005 14.518 0.165 0.5135 0.0057 2671 24 2867 4 6.8 2867 4 0.1%
HCG-32-89 53973 105 2.6 0.0742 0.0018 1.755 0.046 0.1716 0.0016 1021 9 1047 49 2.5 1047 49 4.7%
HCG-32-90 15271 236 16.1 0.0780 0.0007 1.937 0.051 0.1802 0.0044 1068 24 1146 18 6.8 1146 18 1.6%
HCG-32-92 57054 186 1.2 0.1001 0.0009 3.383 0.227 0.2451 0.0163 1413 84 1626 16 13.1 1626 16 1.0%
HCG-32-93 34360 102 1.8 0.0951 0.0020 2.948 0.120 0.2249 0.0078 1308 41 1530 40 14.5 1530 40 2.6%
HCG-32-94 2449 708 2.0 0.0582 0.0029 0.544 0.029 0.0678 0.0013 423 8 536 110 21.1 423 8 1.9%
HCG-32-95 50179 343 1.5 0.1062 0.0005 4.255 0.235 0.2906 0.0160 1644 80 1735 9 5.2 1735 9 0.5%
HCG-32-96 100047 97 0.9 0.1018 0.0007 4.117 0.049 0.2934 0.0028 1658 14 1657 13 -0.1 1657 13 0.8%
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HCG-32-97 51377 62 1.7 0.1006 0.0011 3.746 0.093 0.2699 0.0061 1540 31 1636 20 5.9 1636 20 1.2%
HCG-32-98A 19495 227 1.3 0.0551 0.0011 0.553 0.013 0.0729 0.0009 453 6 415 44 -9.1 453 6 1.2%
HCG-32-99 62115 145 1.6 0.1018 0.0005 4.213 0.047 0.3002 0.0029 1692 15 1657 10 -2.1 1657 10 0.6%
HCG-32-R33 23866 136 1.3 0.0547 0.0019 0.504 0.019 0.0668 0.0011 417 6 402 76 -3.7 417 6 1.6%
HCG-70-0 5993 71 2.7 0.0816 0.0024 2.142 0.113 0.1903 0.0084 1123 45 1237 57 9.2 1237 57 4.6%
HCG-70-1 91656 492 2.5 0.0562 0.0012 0.542 0.013 0.0700 0.0008 436 5 459 48 5.0 436 5 1.1%
HCG-70-3 70231 123 3.2 0.0755 0.0015 1.916 0.076 0.1840 0.0063 1089 34 1082 40 -0.6 1082 40 3.7%
HCG-70-4 81255 226 1.2 0.0548 0.0014 0.509 0.013 0.0673 0.0005 420 3 405 55 -3.7 420 3 0.7%
HCG-70-5 73270 100 1.9 0.0925 0.0007 3.216 0.056 0.2522 0.0039 1450 20 1477 14 1.9 1477 14 0.9%
HCG-70-6 24835 146 1.5 0.0562 0.0023 0.529 0.023 0.0682 0.0009 425 6 462 92 7.8 425 6 1.3%
HCG-70-7 15884 63 1.9 0.0548 0.0037 0.531 0.039 0.0703 0.0018 438 11 404 152 -8.3 438 11 2.5%
HCG-70-8 88846 124 1.9 0.0985 0.0009 3.487 0.090 0.2568 0.0062 1473 32 1596 16 7.7 1596 16 1.0%
HCG-70-9 24983 35 1.9 0.0954 0.0051 2.920 0.223 0.2219 0.0121 1292 64 1537 100 15.9 1537 100 6.5%
HCG-70-10 26548 457 2.0 0.0984 0.0003 3.306 0.037 0.2435 0.0026 1405 14 1595 6 11.9 1595 6 0.4%
HCG-70-11 18951 109 1.5 0.0558 0.0024 0.566 0.030 0.0736 0.0023 458 14 444 97 -3.1 458 14 3.1%
HCG-70-12 26786 288 1.9 0.0998 0.0008 3.294 0.107 0.2393 0.0075 1383 39 1621 14 14.7 1621 14 0.9%
HCG-70-13 4901 301 1.2 0.0606 0.0110 0.584 0.108 0.0699 0.0026 435 16 626 394 30.5 435 16 3.6%
HCG-70-14 100498 135 3.1 0.0875 0.0008 2.770 0.044 0.2297 0.0030 1333 16 1371 17 2.8 1371 17 1.3%
HCG-70-15 48126 107 1.6 0.0757 0.0011 1.844 0.034 0.1767 0.0020 1049 11 1086 29 3.4 1086 29 2.7%
HCG-70-16 37862 234 1.7 0.0546 0.0011 0.516 0.015 0.0685 0.0014 427 8 396 45 -7.9 427 8 2.0%
HCG-70-17 37824 156 1.1 0.0837 0.0007 2.464 0.035 0.2136 0.0026 1248 14 1285 15 2.8 1285 15 1.2%
HCG-70-18A 12988 200 1.8 0.0926 0.0015 2.782 0.092 0.2179 0.0063 1271 33 1479 30 14.1 1479 30 2.0%
HCG-70-19 19569 112 0.9 0.0541 0.0047 0.506 0.048 0.0678 0.0027 423 16 377 195 -12.1 423 16 3.9%
HCG-70-2 73480 146 2.3 0.0938 0.0009 3.337 0.045 0.2580 0.0024 1480 12 1504 19 1.6 1504 19 1.2%
HCG-70-20 6230 681 1.1 0.0565 0.0007 0.515 0.014 0.0661 0.0015 413 9 473 27 12.7 413 9 2.3%
HCG-70-21 4081 980 1.9 0.0571 0.0013 0.546 0.025 0.0693 0.0028 432 17 496 49 12.9 432 17 3.9%
HCG-70-22 39148 58 2.0 0.2069 0.0017 16.788 0.415 0.5884 0.0138 2983 56 2882 13 -3.5 2882 13 0.5%
HCG-70-23 4999 197 0.5 0.0587 0.0026 0.554 0.039 0.0684 0.0038 427 23 556 98 23.3 427 23 5.3%
HCG-70-24 32384 209 1.3 0.0555 0.0022 0.560 0.023 0.0731 0.0009 455 5 433 87 -5.1 455 5 1.2%
HCG-70-25 32695 470 2.2 0.0566 0.0014 0.575 0.016 0.0737 0.0009 458 6 475 54 3.6 458 6 1.2%
HCG-70-26 12217 567 1.2 0.0564 0.0005 0.536 0.008 0.0689 0.0007 430 4 470 21 8.6 430 4 1.0%
HCG-70-27 49606 148 2.9 0.0786 0.0010 2.043 0.036 0.1884 0.0022 1113 12 1163 26 4.3 1163 26 2.2%
HCG-70-28 24709 217 1.6 0.0591 0.0017 0.588 0.019 0.0722 0.0011 449 7 571 61 21.4 449 7 1.5%
HCG-70-29 257672 150 1.4 0.0873 0.0007 2.634 0.133 0.2189 0.0109 1276 58 1366 15 6.6 1366 15 1.1%
HCG-70-30 6362 1144 1.7 0.0578 0.0015 0.598 0.016 0.0750 0.0006 466 4 523 56 10.8 466 4 0.8%
HCG-70-31 804395 427 1.4 0.1022 0.0004 4.000 0.056 0.2840 0.0039 1611 19 1664 7 3.2 1664 7 0.4%
HCG-70-32 13997 81 3.1 0.0914 0.0023 3.332 0.100 0.2644 0.0043 1512 22 1455 48 -3.9 1455 48 3.3%
HCG-70-33 47562 281 2.1 0.0784 0.0006 2.095 0.042 0.1938 0.0036 1142 19 1157 16 1.3 1157 16 1.4%
HCG-70-34 16804 179 1.4 0.0546 0.0026 0.538 0.027 0.0714 0.0011 444 7 397 108 -11.9 444 7 1.5%
HCG-70-35 103645 152 1.3 0.1018 0.0005 4.091 0.081 0.2916 0.0056 1649 28 1657 10 0.4 1657 10 0.6%
218
Measured isotopic ratios Calculated Ages
Sample name 206Pb/ U U/Th 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord Best Age 1 σ relative
analysis # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
HCG-70-37 167901 306 1.8 0.1019 0.0002 4.100 0.098 0.2918 0.0069 1650 35 1659 4 0.5 1659 4 0.2%
HCG-70-38 73005 71 1.8 0.1017 0.0018 4.016 0.101 0.2865 0.0053 1624 26 1654 32 1.8 1654 32 1.9%
HCG-70-39 5721 562 1.6 0.0945 0.0004 3.357 0.070 0.2576 0.0052 1478 27 1518 9 2.7 1518 9 0.6%
HCG-70-40 5620 158 1.8 0.0947 0.0007 3.310 0.101 0.2535 0.0075 1457 38 1522 15 4.3 1522 15 1.0%
HCG-70-41 44776 69 1.2 0.1014 0.0012 4.051 0.145 0.2898 0.0098 1641 49 1649 23 0.5 1649 23 1.4%
HCG-70-42 15474 197 1.0 0.0758 0.0010 1.838 0.055 0.1759 0.0048 1044 26 1090 27 4.2 1090 27 2.5%
HCG-70-44 13200 26 1.5 0.0820 0.0038 2.215 0.117 0.1960 0.0048 1154 26 1245 91 7.4 1245 91 7.3%
HCG-70-45 11737 101 1.4 0.0535 0.0028 0.492 0.028 0.0667 0.0017 416 10 350 117 -18.9 416 10 2.5%
HCG-70-46 285622 893 2.6 0.0561 0.0004 0.548 0.007 0.0708 0.0007 441 4 458 15 3.6 441 4 1.0%
HCG-70-47 43470 294 1.2 0.1018 0.0011 3.956 0.054 0.2818 0.0025 1600 13 1657 19 3.4 1657 19 1.2%
HCG-70-48 71672 274 2.3 0.0779 0.0006 2.059 0.035 0.1917 0.0029 1130 16 1144 16 1.2 1144 16 1.4%
HCG-70-49 110967 173 2.6 0.0756 0.0010 1.844 0.060 0.1768 0.0053 1050 29 1085 26 3.2 1085 26 2.4%
HCG-70-50 115226 353 2.6 0.0787 0.0004 2.119 0.025 0.1953 0.0021 1150 11 1164 9 1.2 1164 9 0.8%
HCG-70-51 4614 314 1.3 0.0572 0.0016 0.538 0.020 0.0682 0.0018 426 11 500 60 14.8 426 11 2.5%
HCG-70-53 8274 463 3.8 0.0563 0.0008 0.600 0.014 0.0774 0.0015 481 9 463 32 -3.8 481 9 1.8%
HCG-70-55 10523 68 3.0 0.0564 0.0031 0.569 0.035 0.0732 0.0021 455 12 467 123 2.4 455 12 2.7%
HCG-70-57 17602 54 1.3 0.0847 0.0018 2.479 0.088 0.2123 0.0060 1241 32 1308 41 5.1 1308 41 3.1%
HCG-70-58 18163 646 4.0 0.0562 0.0008 0.555 0.013 0.0716 0.0014 446 8 462 31 3.5 446 8 1.8%
HCG-70-59 7183 875 0.5 0.0904 0.0030 2.354 0.189 0.1889 0.0138 1115 75 1434 64 22.2 1434 64 4.4%
HCG-70-59 75504 320 1.8 0.1016 0.0005 3.876 0.053 0.2766 0.0036 1574 18 1654 9 4.8 1654 9 0.5%
HCG-70-61 11908 366 1.1 0.0585 0.0043 0.543 0.040 0.0673 0.0004 420 3 548 161 23.4 420 3 0.6%
HCG-70-62 24931 205 1.3 0.0573 0.0022 0.539 0.023 0.0682 0.0014 425 8 505 84 15.8 425 8 1.9%
HCG-70-63 36059 203 2.6 0.0936 0.0008 2.674 0.168 0.2072 0.0129 1214 69 1500 17 19.1 1500 17 1.1%
HCG-70-64 20073 67 3.1 0.0706 0.0030 1.492 0.074 0.1533 0.0040 920 22 945 87 2.7 945 87 9.2%
HCG-70-65 45386 61 2.2 0.1016 0.0016 3.744 0.089 0.2672 0.0048 1527 25 1654 28 7.7 1654 28 1.7%
HCG-70-66 9842 316 2.3 0.0576 0.0021 0.557 0.023 0.0702 0.0014 437 9 514 79 15.0 437 9 2.0%
HCG-70-67 64094 1929 32.0 0.0738 0.0002 1.591 0.025 0.1563 0.0024 936 13 1036 4 9.7 1036 4 0.4%
HCG-70-68 48431 77 2.5 0.0869 0.0009 2.789 0.063 0.2329 0.0047 1350 24 1357 19 0.6 1357 19 1.4%
HCG-70-69 42466 196 1.1 0.0557 0.0022 0.517 0.022 0.0673 0.0013 420 8 441 86 4.7 420 8 1.9%
HCG-70-70 186994 734 2.7 0.1091 0.0003 4.366 0.112 0.2904 0.0074 1643 37 1784 4 7.9 1784 4 0.2%
HCG-70-71 10561 784 1.0 0.0560 0.0005 0.508 0.013 0.0658 0.0016 411 10 452 18 9.0 411 10 2.3%
HCG-70-72 4733 820 0.7 0.0564 0.0014 0.522 0.017 0.0671 0.0014 419 8 468 54 10.5 419 8 2.0%
HCG-70-73 97587 176 1.2 0.1022 0.0006 4.049 0.055 0.2873 0.0035 1628 17 1665 11 2.2 1665 11 0.7%
HCG-70-75 64498 96 3.3 0.0752 0.0011 1.907 0.039 0.1840 0.0028 1089 15 1074 28 -1.4 1074 28 2.6%
HCG-70-76 142386 524 1.6 0.0552 0.0006 0.533 0.008 0.0700 0.0006 436 4 421 25 -3.6 436 4 0.9%
HCG-70-77 46151 453 1.7 0.0560 0.0008 0.563 0.009 0.0728 0.0006 453 3 454 31 0.1 453 3 0.7%
HCG-70-78 24027 191 0.8 0.0553 0.0029 0.527 0.030 0.0692 0.0016 431 9 425 118 -1.5 431 9 2.2%
HCG-70-79 141789 232 0.6 0.0862 0.0004 2.724 0.030 0.2293 0.0022 1331 12 1342 10 0.9 1342 10 0.7%
HCG-70-80 7600 394 0.8 0.0553 0.0015 0.528 0.017 0.0692 0.0011 432 7 426 60 -1.2 432 7 1.6%
HCG-70-81 24609 50 0.8 0.0746 0.0041 1.804 0.114 0.1753 0.0056 1041 31 1059 110 1.7 1059 110 10.4%
HCG-70-82A 72660 296 9.7 0.0544 0.0009 0.509 0.021 0.0678 0.0025 423 15 388 35 -8.9 423 15 3.6%
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HCG-70-83 50309 246 2.1 0.1040 0.0005 4.253 0.059 0.2967 0.0039 1675 19 1696 8 1.2 1696 8 0.5%
HCG-70-84 2925 96 1.2 0.0538 0.0037 0.520 0.038 0.0701 0.0019 437 12 363 154 -20.2 437 12 2.7%
HCG-70-85 81595 189 2.2 0.0905 0.0008 2.851 0.073 0.2284 0.0055 1326 29 1436 16 7.7 1436 16 1.1%
HCG-70-86 213640 298 2.1 0.1021 0.0004 4.147 0.186 0.2945 0.0132 1664 66 1663 8 -0.1 1663 8 0.5%
HCG-70-87 113821 229 2.0 0.1011 0.0005 3.948 0.059 0.2832 0.0040 1607 20 1645 10 2.3 1645 10 0.6%
HCG-70-88 13902 33 2.0 0.0720 0.0066 1.609 0.172 0.1620 0.0089 968 49 987 187 1.9 987 187 18.9%
HCG-70-89 118203 99 1.7 0.1822 0.0006 11.756 0.163 0.4679 0.0063 2474 28 2673 6 7.4 2673 6 0.2%
HCG-70-90 4250 481 1.1 0.0592 0.0046 0.571 0.044 0.0699 0.0007 436 4 574 167 24.1 436 4 0.9%
HCG-70-91 23583 134 1.4 0.0587 0.0039 0.589 0.043 0.0728 0.0020 453 12 555 146 18.4 453 12 2.7%
HCG-70-92 31579 177 1.3 0.0551 0.0019 0.516 0.020 0.0678 0.0012 423 7 418 79 -1.2 423 7 1.7%
HCG-70-93 24100 476 0.8 0.1004 0.0009 3.312 0.267 0.2392 0.0191 1383 100 1632 17 15.3 1632 17 1.0%
HCG-70-94 79603 96 1.0 0.1006 0.0014 4.075 0.072 0.2939 0.0031 1661 15 1635 26 -1.6 1635 26 1.6%
HCG-70-95 115599 163 1.2 0.1638 0.0011 10.783 0.487 0.4775 0.0213 2517 93 2495 11 -0.9 2495 11 0.5%
HCG-70-96 21620 42 3.2 0.0797 0.0039 2.179 0.112 0.1982 0.0032 1166 17 1191 96 2.1 1191 96 8.1%
HCG-70-97 73160 352 1.3 0.0558 0.0015 0.546 0.017 0.0709 0.0011 442 6 445 59 0.8 442 6 1.5%
HCG-70-98 461206 616 2.7 0.0902 0.0016 2.948 0.134 0.2369 0.0099 1371 52 1431 34 4.2 1431 34 2.4%
HCG-70-99 28657 254 1.5 0.1016 0.0008 3.890 0.118 0.2777 0.0081 1580 41 1654 14 4.5 1654 14 0.8%
HCG-70-100 120225 320 2.4 0.0735 0.0004 1.774 0.039 0.1751 0.0038 1040 21 1027 11 -1.3 1027 11 1.0%
HCG-75-1 110480 154 1.2 0.1034 0.0005 4.225 0.047 0.2963 0.0031 1673 15 1687 8 0.8 1687 8 0.5%
HCG-75-2 51139 98 2.3 0.0793 0.0012 2.131 0.056 0.1949 0.0042 1148 22 1179 31 2.7 1179 31 2.6%
HCG-75-3 135554 309 1.9 0.0986 0.0006 3.300 0.116 0.2428 0.0084 1401 44 1598 12 12.3 1598 12 0.7%
HCG-75-4 6302 328 1.0 0.0991 0.0006 3.157 0.048 0.2311 0.0032 1340 17 1607 12 16.6 1607 12 0.7%
HCG-75-5 34242 156 1.6 0.0806 0.0009 2.321 0.070 0.2090 0.0059 1224 31 1210 21 -1.1 1210 21 1.8%
HCG-75-6 77110 136 2.4 0.0999 0.0009 3.959 0.098 0.2874 0.0067 1628 34 1623 16 -0.3 1623 16 1.0%
HCG-75-7 8136 193 1.7 0.0969 0.0006 3.422 0.084 0.2561 0.0061 1470 31 1565 12 6.1 1565 12 0.7%
HCG-75-8 6984 34 0.8 0.0746 0.0047 1.667 0.114 0.1620 0.0041 968 23 1058 128 8.5 1058 128 12.1%
HCG-75-9 4055 51 1.6 0.0666 0.0058 0.915 0.085 0.0996 0.0030 612 17 827 183 26.0 612 17 2.8%
HCG-75-10 34190 187 0.9 0.0809 0.0007 2.348 0.162 0.2104 0.0144 1231 77 1219 16 -1.0 1219 16 1.3%
HCG-75-11 18470 138 2.1 0.0529 0.0047 0.521 0.048 0.0714 0.0013 445 8 324 204 -37.3 445 8 1.8%
HCG-75-12 143507 126 2.6 0.0745 0.0012 1.911 0.059 0.1859 0.0050 1099 27 1056 32 -4.1 1056 32 3.0%
HCG-75-13 7834 29 1.1 0.0982 0.0047 3.934 0.301 0.2906 0.0173 1645 86 1590 90 -3.4 1590 90 5.7%
HCG-75-14 123578 155 0.8 0.1007 0.0007 4.177 0.056 0.3010 0.0035 1696 17 1636 13 -3.7 1636 13 0.8%
HCG-75-15 28777 137 1.9 0.0987 0.0010 3.660 0.099 0.2691 0.0067 1536 34 1599 19 3.9 1599 19 1.2%
HCG-75-16 28082 55 1.4 0.0920 0.0012 3.338 0.054 0.2631 0.0025 1506 13 1468 25 -2.6 1468 25 1.7%
HCG-75-17 31577 37 1.6 0.0924 0.0027 3.217 0.200 0.2525 0.0139 1451 72 1476 55 1.7 1476 55 3.7%
HCG-75-18 10143 83 2.3 0.0556 0.0035 0.551 0.041 0.0719 0.0028 448 17 436 142 -2.7 448 17 3.8%
HCG-75-19 87787 128 1.9 0.0993 0.0007 3.982 0.052 0.2910 0.0032 1647 16 1610 13 -2.3 1610 13 0.8%
HCG-75-20 47703 132 1.9 0.0535 0.0036 0.525 0.038 0.0711 0.0018 443 11 352 154 -26.0 443 11 2.5%
HCG-75-21 3726 365 2.3 0.0778 0.0010 2.037 0.033 0.1899 0.0019 1121 11 1142 25 1.8 1142 25 2.2%
HCG-75-23 13402 758 4.2 0.0896 0.0004 2.245 0.070 0.1818 0.0056 1077 30 1416 9 24.0 1416 9 0.6%
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Measured isotopic ratios Calculated Ages
Sample name 206Pb/ U U/Th 207Pb/ 7/6 err 207Pb/ 7/5 err 206Pb/ 6/8 err 6/8 age 1 σ 7/6 age 1 σ Discord Best Age 1 σ relative
analysis # 204Pb ppm 206Pb 235U 238U (Ma) (Ma) % (Ma) uncert.
HCG-75-24 67044 155 1.3 0.0993 0.0008 3.720 0.045 0.2716 0.0026 1549 13 1612 14 3.9 1612 14 0.9%
HCG-75-25 73109 86 1.9 0.0797 0.0013 2.161 0.061 0.1967 0.0045 1158 24 1189 33 2.7 1189 33 2.8%
HCG-75-26 47773 458 1.9 0.1033 0.0003 4.201 0.046 0.2948 0.0031 1666 16 1685 6 1.2 1685 6 0.3%
HCG-75-27 877033 374 3.0 0.1011 0.0003 4.087 0.130 0.2931 0.0093 1657 46 1645 5 -0.8 1645 5 0.3%
HCG-75-29 127113 134 15.9 0.0720 0.0013 1.614 0.039 0.1626 0.0027 971 15 986 37 1.5 986 37 3.7%
HCG-75-30 142367 151 2.3 0.0930 0.0008 3.425 0.069 0.2671 0.0049 1526 25 1488 16 -2.6 1488 16 1.1%
HCG-75-31 12791 145 2.3 0.0586 0.0029 0.577 0.031 0.0714 0.0014 444 8 552 109 19.6 444 8 1.9%
HCG-75-32 283107 1110 28.5 0.0714 0.0001 1.619 0.017 0.1645 0.0017 982 10 969 2 -1.4 969 2 0.3%
HCG-75-33 90465 163 1.5 0.1018 0.0007 4.148 0.077 0.2956 0.0051 1670 25 1657 12 -0.8 1657 12 0.8%
HCG-75-34 39707 29 1.0 0.0714 0.0034 1.592 0.089 0.1618 0.0046 967 26 969 98 0.2 969 98 10.1%
HCG-75-35 5180 471 10.9 0.0811 0.0006 2.083 0.074 0.1862 0.0065 1101 35 1225 15 10.1 1225 15 1.2%
HCG-75-36 4718 139 2.0 0.0570 0.0056 0.536 0.056 0.0682 0.0025 425 15 493 216 13.8 425 15 3.6%
HCG-75-37 68698 89 1.9 0.0949 0.0011 3.334 0.087 0.2550 0.0060 1464 31 1525 22 4.0 1525 22 1.5%
HCG-75-38 143026 369 20.3 0.0734 0.0008 1.705 0.044 0.1685 0.0040 1004 22 1025 23 2.1 1025 23 2.2%
HCG-75-39 86936 430 4.1 0.0772 0.0004 1.989 0.032 0.1868 0.0029 1104 16 1127 10 2.1 1127 10 0.9%
HCG-75-41 192354 306 0.9 0.1015 0.0004 4.141 0.030 0.2960 0.0018 1671 9 1651 7 -1.2 1651 7 0.4%
HCG-75-42 35849 70 1.0 0.0787 0.0015 2.168 0.048 0.1999 0.0024 1175 13 1163 37 -1.0 1163 37 3.2%
HCG-75-43 34336 139 1.3 0.1023 0.0006 4.172 0.047 0.2959 0.0028 1671 14 1666 11 -0.3 1666 11 0.7%
HCG-75-44 150554 847 3.8 0.0566 0.0012 0.537 0.014 0.0688 0.0011 429 7 476 48 9.8 429 7 1.5%
HCG-75-45 11993 36 1.0 0.0720 0.0034 1.633 0.086 0.1645 0.0039 982 21 985 96 0.3 985 96 9.7%
HCG-75-46 13742 31 0.8 0.0813 0.0038 2.276 0.141 0.2029 0.0082 1191 44 1230 93 3.2 1230 93 7.5%
HCG-75-47 28004 357 3.4 0.0743 0.0008 1.882 0.052 0.1838 0.0047 1088 26 1049 21 -3.7 1049 21 2.0%
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Appendix III. Detrital mica 40Ar/39Ar data
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
1 15040-02A Hcg 57 0.1802 0.0135 0.005 100 425.7 13.79 3.24% 1.85E-03 4.3E-06 0.2% 9.19% 425.7 39.1
2 15765-01A Horn-B1 0.0045 -0.0029 0.02 98.9 416.8 2.0 0.5% 3.70E-03 2.9E-06 0.1% 0.48% 416.8 2.0
3 15765-02A Horn-B1 -0.0276 -0.0034 0.008 98.5 442.3 4.9 1.1% 3.70E-03 2.9E-06 0.1% 1.10% 442.3 4.9
4 15765-03A Horn-B1 -0.0009 -0.0049 0.011 98.4 414.8 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.83% 414.8 3.5
5 15765-04A Horn-B1 0.0201 0.0013 0.016 98.8 413.8 2.3 0.6% 3.70E-03 2.9E-06 0.1% 0.57% 413.8 2.4
6 15765-05A Horn-B1 0.0090 0.0011 0.017 98.8 409.2 2.4 0.6% 3.70E-03 2.9E-06 0.1% 0.58% 409.2 2.4
7 15765-07A Horn-B1 0.0520 -0.0177 0.004 98.2 423.9 8.0 1.9% 3.70E-03 2.9E-06 0.1% 1.88% 423.9 8.0
8 15765-08A Horn-B1 0.0105 0.0008 0.013 99.4 415.7 2.9 0.7% 3.70E-03 2.9E-06 0.1% 0.70% 415.7 2.9
9 15765-09A Horn-B1 0.0167 0.0008 0.031 97.9 415.5 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.34% 415.5 1.4
10 15765-10A Horn-B1 0.0032 0.0005 0.025 99.3 446.3 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.39% 446.3 1.7
11 15765-11A Horn-B1 0.0336 -0.0006 0.019 99.2 467.5 2.1 0.4% 3.70E-03 2.9E-06 0.1% 0.45% 467.5 2.1
12 15765-12A Horn-B1 -0.0009 -0.0078 0.011 98.4 418.4 3.6 0.9% 3.70E-03 2.9E-06 0.1% 0.85% 418.4 3.6
13 15765-13A Horn-B1 0.0012 -0.0006 0.016 99.1 415.7 2.6 0.6% 3.70E-03 2.9E-06 0.1% 0.62% 415.7 2.6
14 15765-14A Horn-B1 0.0072 0.0002 0.04 99.8 412.5 1.1 0.3% 3.70E-03 2.9E-06 0.1% 0.28% 412.5 1.2
15 15765-15A Horn-B1 0.0210 -0.0061 0.011 98.2 418.5 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.81% 418.5 3.4
16 15765-16A Horn-B1 0.0097 -0.0005 0.027 99.0 411.9 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.41% 411.9 1.7
17 15765-17A Horn-B1 0.0344 0.0011 0.019 99.3 416.2 2.0 0.5% 3.70E-03 2.9E-06 0.1% 0.49% 416.2 2.0
18 15765-18A Horn-B1 0.0226 0.0030 0.018 99.3 468.0 2.3 0.5% 3.70E-03 2.9E-06 0.1% 0.49% 468.0 2.3
19 15765-19A Horn-B1 0.0045 0.0011 0.01 98.9 413.9 3.7 0.9% 3.70E-03 2.9E-06 0.1% 0.89% 413.9 3.7
20 15765-20A Horn-B1 0.0221 0.0014 0.022 99.1 407.8 1.9 0.5% 3.70E-03 2.9E-06 0.1% 0.46% 407.8 1.9
21 15765-21A Horn-B1 0.0232 -0.0062 0.011 97.4 416.6 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.83% 416.6 3.5
22 15765-22A Horn-B1 0.0053 -0.0001 0.032 99.4 413.5 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.35% 413.5 1.5
23 15765-23A Horn-B1 0.0018 -0.0002 0.036 99.3 414.9 1.2 0.3% 3.70E-03 2.9E-06 0.1% 0.31% 414.9 1.3
24 15765-24A Horn-B1 0.0174 -0.0026 0.018 99.3 427.8 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.51% 427.8 2.2
25 15765-25A Horn-B1 0.0375 -0.0003 0.026 98.0 441.2 1.6 0.4% 3.70E-03 2.9E-06 0.1% 0.37% 441.2 1.6
26 15765-27A Horn-B1 0.0441 0.0015 0.012 96.1 415.3 3.1 0.7% 3.70E-03 2.9E-06 0.1% 0.75% 415.3 3.1
27 15765-28A Horn-B1 0.1015 0.0231 0.003 98.7 471.4 10.0 2.1% 3.70E-03 2.9E-06 0.1% 2.13% 471.4 10.1
28 15765-29A Horn-B1 0.0000 -0.0021 0.025 97.8 419.2 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.40% 419.2 1.7
29 15765-30A Horn-B1 0.0148 -0.0017 0.01 94.8 426.1 4.0 0.9% 3.70E-03 2.9E-06 0.1% 0.93% 426.1 4.0
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# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
30 15766-01A Horn-B2 0.0065 -0.0133 0.003 94.0 477.7 10.9 2.3% 3.70E-03 2.9E-06 0.1% 2.28% 477.7 10.9
31 15766-04A Horn-B2 -0.0134 -0.0041 0.008 100 481.1 4.52 0.94% 3.70E-03 2.9E-06 0.1% 1.23% 481.1 5.9
32 15766-05A Horn-B2 0.0105 -0.0011 0.011 99.9 421.4 3.3 0.8% 3.70E-03 2.9E-06 0.1% 0.79% 421.4 3.3
33 15766-06A Horn-B2 0.0853 -0.0089 0.003 100 409.8 9.84 2.40% 3.70E-03 2.9E-06 0.1% 2.41% 409.8 9.9
34 15766-07A Horn-B2 0.0767 -0.0006 0.011 100 632.2 3.48 0.55% 3.70E-03 2.9E-06 0.1% 0.59% 632.2 3.7
35 15766-08A Horn-B2 0.0129 -0.0015 0.016 100.0 421.4 2.3 0.5% 3.70E-03 2.9E-06 0.1% 0.55% 421.4 2.3
36 15766-09A Horn-B2 -0.0013 0.0010 0.006 99.5 410.0 5.8 1.4% 3.70E-03 2.9E-06 0.1% 1.42% 410.0 5.8
37 15767-01A Horn-B3 0.0045 0.0012 0.014 97.5 425.5 2.7 0.6% 3.70E-03 2.9E-06 0.1% 0.65% 425.5 2.8
38 15767-02A Horn-B3 0.0008 0.0008 0.036 95.9 419.0 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.33% 419.0 1.4
39 15767-03A Horn-B3 0.0286 0.0016 0.014 96.5 412.5 2.7 0.6% 3.70E-03 2.9E-06 0.1% 0.65% 412.5 2.7
40 15767-04A Horn-B3 0.0028 -0.0013 0.018 96.5 419.6 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.53% 419.6 2.2
41 15767-05A Horn-B3 0.0315 0.0005 0.013 98.9 426.5 2.9 0.7% 3.70E-03 2.9E-06 0.1% 0.68% 426.5 2.9
42 15767-06A Horn-B3 0.1792 0.0011 0.059 99.7 583.6 1.3 0.2% 3.70E-03 2.9E-06 0.1% 0.24% 583.6 1.4
43 15767-07A Horn-B3 0.0054 0.0001 0.043 98.9 423.2 1.1 0.3% 3.70E-03 2.9E-06 0.1% 0.28% 423.2 1.2
44 15767-08A Horn-B3 0.0022 -0.0015 0.034 96.9 411.7 1.3 0.3% 3.70E-03 2.9E-06 0.1% 0.34% 411.7 1.4
45 15767-09A Horn-B3 0.0254 -0.0020 0.014 96.7 421.3 2.7 0.6% 3.70E-03 2.9E-06 0.1% 0.65% 421.3 2.7
46 15767-10A Horn-B3 0.0101 0.0009 0.016 96.7 418.8 2.5 0.6% 3.70E-03 2.9E-06 0.1% 0.60% 418.8 2.5
47 15767-11A Horn-B3 0.0036 0.0009 0.041 96.5 422.8 1.1 0.3% 3.70E-03 2.9E-06 0.1% 0.27% 422.8 1.1
48 15767-12A Horn-B3 0.0087 -0.0023 0.021 94.9 428.4 1.9 0.4% 3.70E-03 2.9E-06 0.1% 0.45% 428.4 1.9
49 15767-13A Horn-B3 -0.0034 -0.0007 0.018 96.3 426.6 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.52% 426.6 2.2
50 15767-14A Horn-B3 0.0033 -0.0006 0.037 96.7 414.8 1.3 0.3% 3.70E-03 2.9E-06 0.1% 0.32% 414.8 1.3
51 15767-15A Horn-B3 0.0095 -0.0037 0.02 96.1 425.0 2.1 0.5% 3.70E-03 2.9E-06 0.1% 0.50% 425.0 2.1
52 15767-16A Horn-B3 -0.0035 -0.0001 0.026 97.1 429.2 1.6 0.4% 3.70E-03 2.9E-06 0.1% 0.39% 429.2 1.7
53 15767-17A Horn-B3 0.0081 -0.0014 0.008 94.3 425.4 4.3 1.0% 3.70E-03 2.9E-06 0.1% 1.01% 425.4 4.3
54 15767-18A Horn-B3 0.0091 -0.0024 0.009 91.7 421.6 4.1 1.0% 3.70E-03 2.9E-06 0.1% 0.96% 421.6 4.1
55 15769-01A Horn-B5 0.0004 -0.0048 0.025 95.7 417.0 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.52% 417.0 2.2
56 15769-02A Horn-B5 -0.0002 -0.0005 0.081 97.8 470.8 1.0 0.2% 3.70E-03 2.9E-06 0.1% 0.23% 470.8 1.1
57 15769-03A Horn-B5 0.0155 0.0007 0.018 94.6 460.8 2.9 0.6% 3.70E-03 2.9E-06 0.1% 0.63% 460.8 2.9
58 15769-04A Horn-B5 0.0054 -0.0009 0.026 97.6 448.3 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.49% 448.3 2.2
59 15769-05A Horn-B5 -0.0016 -0.0017 0.016 94.5 453.9 3.2 0.7% 3.70E-03 2.9E-06 0.1% 0.70% 453.9 3.2
60 15769-06A Horn-B5 -0.0084 0.0015 0.019 96.1 429.4 2.8 0.7% 3.70E-03 2.9E-06 0.1% 0.66% 429.4 2.8
61 15769-07A Horn-B5 0.0844 -0.0019 0.033 96.5 415.4 1.8 0.4% 3.70E-03 2.9E-06 0.1% 0.44% 415.4 1.8
62 15769-08A Horn-B5 0.0020 -0.0040 0.012 95.6 448.4 4.2 0.9% 3.70E-03 2.9E-06 0.1% 0.94% 448.4 4.2
63 15769-09A Horn-B5 0.0094 -0.0008 0.016 96.9 451.9 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.76% 451.9 3.4
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# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
64 15769-10A Horn-B5 0.0096 0.0013 0.023 96.5 423.6 2.5 0.6% 3.70E-03 2.9E-06 0.1% 0.60% 423.6 2.5
65 15769-11A Horn-B5 0.0555 -0.0029 0.041 95.9 439.9 1.5 0.3% 3.70E-03 2.9E-06 0.1% 0.36% 439.9 1.6
66 15769-12A Horn-B5 0.0308 0.0000 0.011 96.6 443.9 4.5 1.0% 3.70E-03 2.9E-06 0.1% 1.03% 443.9 4.6
67 15769-14A Horn-B5 0.0025 -0.0011 0.042 97.6 472.8 1.6 0.3% 3.70E-03 2.9E-06 0.1% 0.35% 472.8 1.6
68 15769-15A Horn-B5 0.0199 0.0003 0.012 95.4 441.3 4.3 1.0% 3.70E-03 2.9E-06 0.1% 0.99% 441.3 4.4
69 15770-03A Horn-D1 0.0814 -0.0051 0.014 97.8 426.4 3.9 0.9% 3.70E-03 2.9E-06 0.1% 0.93% 426.4 4.0
70 15770-04A Horn-D1 0.0918 -0.0173 0.004 99.6 410.2 12.2 3.0% 3.70E-03 2.9E-06 0.1% 2.98% 410.2 12.2
71 15770-05A Horn-D1 -0.0121 -0.0009 0.012 98.8 418.1 4.4 1.0% 3.70E-03 2.9E-06 0.1% 1.05% 418.1 4.4
72 15770-07A Horn-D1 0.0239 -0.0005 0.052 98.6 421.0 1.2 0.3% 3.70E-03 2.9E-06 0.1% 0.30% 421.0 1.3
73 15770-08A Horn-D1 0.0164 -0.0012 0.024 98.4 870.2 2.6 0.3% 3.70E-03 2.9E-06 0.1% 0.31% 870.2 2.7
74 15770-09A Horn-D1 0.0101 0.0029 0.01 98.9 431.9 4.9 1.1% 3.70E-03 2.9E-06 0.1% 1.15% 431.9 5.0
75 15771-01A Horn D2 0.0033 0.0015 0.067 92.1 420.7 2.5 0.6% 3.70E-03 2.9E-06 0.1% 0.59% 420.7 2.5
76 15771-02A Horn D2 0.0062 -0.0015 0.091 96.1 413.3 1.9 0.4% 3.70E-03 2.9E-06 0.1% 0.46% 413.3 1.9
77 15771-03A Horn D2 0.0002 -0.0004 0.116 93.6 411.5 1.6 0.4% 3.70E-03 2.9E-06 0.1% 0.39% 411.5 1.6
78 15771-04A Horn D2 0.0212 -0.0032 0.072 94.9 438.9 2.3 0.5% 3.70E-03 2.9E-06 0.1% 0.53% 438.9 2.3
79 15771-05A Horn D2 0.0015 0.0008 0.092 95.8 419.7 1.9 0.5% 3.70E-03 2.9E-06 0.1% 0.47% 419.7 2.0
80 15771-06A Horn D2 0.0197 -0.0042 0.053 94.1 415.2 3.3 0.8% 3.70E-03 2.9E-06 0.1% 0.81% 415.2 3.3
81 15771-07A Horn D2 0.0268 -0.0036 0.047 94.1 408.3 3.7 0.9% 3.70E-03 2.9E-06 0.1% 0.91% 408.3 3.7
82 15771-08A Horn D2 0.0294 0.0013 0.125 98.0 413.8 1.5 0.4% 3.70E-03 2.9E-06 0.1% 0.37% 413.8 1.5
83 15771-09A Horn D2 0.0348 -0.0011 0.055 96.9 443.2 3.2 0.7% 3.70E-03 2.9E-06 0.1% 0.73% 443.2 3.2
84 15771-10A Horn D2 -0.0346 -0.0039 0.037 96.7 474.1 4.7 1.0% 3.70E-03 2.9E-06 0.1% 0.99% 474.1 4.7
85 15771-11A Horn D2 0.0409 -0.0019 0.061 98.8 434.3 2.9 0.7% 3.70E-03 2.9E-06 0.1% 0.67% 434.3 2.9
86 15771-12A Horn D2 -0.0087 0.0039 0.026 96.6 431.8 6.8 1.6% 3.70E-03 2.9E-06 0.1% 1.57% 431.8 6.8
87 15771-13A Horn D2 -0.0170 -0.0057 0.032 96.9 867.8 5.1 0.6% 3.70E-03 2.9E-06 0.1% 0.59% 867.8 5.1
88 15771-14A Horn D2 -0.0444 -0.0020 0.029 97.1 475.5 6.0 1.3% 3.70E-03 2.9E-06 0.1% 1.27% 475.5 6.0
89 15771-15A Horn D2 0.0198 0.0012 0.061 96.1 403.7 3.0 0.8% 3.70E-03 2.9E-06 0.1% 0.76% 403.7 3.1
90 15039-01A Hcg 32 0.0174 0.0223 0.021 100 422.5 3.90 0.92% 1.85E-03 4.3E-06 0.2% 0.95% 422.5 4.0
91 15039-02A Hcg 32 0.0073 0.0101 0.027 100 415.9 3.44 0.83% 1.85E-03 4.3E-06 0.2% 1.46% 415.9 6.1
92 15039-03A Hcg 32 0.0198 0.0273 0.015 100 424.2 5.42 1.28% 1.85E-03 4.3E-06 0.2% 2.05% 424.2 8.7
93 15039-04A Hcg 32 0.0155 0.0084 0.018 99.0 422.9 4.8 1.1% 1.85E-03 4.3E-06 0.2% 1.15% 422.9 4.9
94 15039-05A Hcg 32 0.0165 0.0461 0.008 100 428.1 9.65 2.25% 1.85E-03 4.3E-06 0.2% 5.03% 428.1 21.5
95 15039-06A Hcg 32 0.0093 -0.0013 0.033 99.5 401.0 2.5 0.6% 1.85E-03 4.3E-06 0.2% 0.65% 401.0 2.6
96 15039-07A Hcg 32 0.0059 0.0001 0.024 98.6 407.4 2.7 0.7% 1.85E-03 4.3E-06 0.2% 0.69% 407.4 2.8
97 15039-08A Hcg 32 -0.0328 0.0025 0.033 99.5 426.5 2.6 0.6% 1.85E-03 4.3E-06 0.2% 0.64% 426.5 2.7
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# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
98 15039-09A Hcg 32 -0.0216 -0.0168 0.02 99.8 414.0 3.4 0.8% 1.85E-03 4.3E-06 0.2% 0.85% 414.0 3.5
99 15039-10A Hcg 32 0.0474 0.0070 0.012 97.7 423.8 5.1 1.2% 1.85E-03 4.3E-06 0.2% 1.22% 423.8 5.2
100 15039-11A Hcg 32 0.0046 -0.0045 0.04 99.4 513.1 2.4 0.5% 1.85E-03 4.3E-06 0.2% 0.53% 513.1 2.7
101 15039-12A Hcg 32 -0.0127 -0.0004 0.018 99.4 439.5 3.5 0.8% 1.85E-03 4.3E-06 0.2% 0.83% 439.5 3.6
102 15039-13A Hcg 32 0.0113 0.0071 0.017 100 454.8 3.75 0.82% 1.85E-03 4.3E-06 0.2% 0.85% 454.8 3.9
103 15039-14A Hcg 32 -0.1032 0.0131 0.006 100 403.3 7.98 1.98% 1.85E-03 4.3E-06 0.2% 2.26% 403.3 9.1
104 15039-15A Hcg 32 0.0411 -0.0044 0.023 98.1 459.9 3.0 0.6% 1.85E-03 4.3E-06 0.2% 0.68% 459.9 3.1
105 15039-16A Hcg 32 -0.0266 -0.0102 0.01 99.3 406.9 4.6 1.1% 1.85E-03 4.3E-06 0.2% 1.16% 406.9 4.7
106 15039-17A Hcg 32 0.0875 0.0013 0.019 99.1 410.6 3.3 0.8% 1.85E-03 4.3E-06 0.2% 0.83% 410.6 3.4
107 15039-18A Hcg 32 -0.0651 -0.0080 0.015 94.7 448.0 4.3 1.0% 1.85E-03 4.3E-06 0.2% 0.98% 448.0 4.4
108 15039-19A Hcg 32 0.0053 -0.0017 0.016 95.3 397.2 3.5 0.9% 1.85E-03 4.3E-06 0.2% 0.90% 397.2 3.6
109 15039-20A Hcg 32 0.0452 -0.0010 0.025 99.5 418.7 3.0 0.7% 1.85E-03 4.3E-06 0.2% 0.74% 418.7 3.1
110 15039-21A Hcg 32 0.0262 -0.0015 0.021 99.9 406.9 3.1 0.8% 1.85E-03 4.3E-06 0.2% 0.80% 406.9 3.2
111 15039-23A Hcg 32 -0.0494 0.0065 0.024 100 436.3 3.40 0.78% 1.85E-03 4.3E-06 0.2% 0.79% 436.3 3.4
112 15039-24A Hcg 32 0.0551 0.0019 0.013 98.4 403.9 6.0 1.5% 1.85E-03 4.3E-06 0.2% 1.50% 403.9 6.1
113 15039-25A Hcg 32 -0.0211 0.0097 0.013 98.8 404.0 6.1 1.5% 1.85E-03 4.3E-06 0.2% 1.52% 404.0 6.1
114 15039-26A Hcg 32 0.0987 -0.0099 0.014 99.1 404.4 5.5 1.4% 1.85E-03 4.3E-06 0.2% 1.39% 404.4 5.6
115 15039-27A Hcg 32 -0.1093 0.0487 0.003 96.0 432.1 23.5 5.4% 1.85E-03 4.3E-06 0.2% 5.43% 432.1 23.5
116 15039-28A Hcg 32 -0.0148 -0.0020 0.019 97.9 449.4 4.5 1.0% 1.85E-03 4.3E-06 0.2% 1.04% 449.4 4.7
117 15041-01A Hcg 34 0.0858 -0.0033 0.013 96.2 409.9 5.9 1.4% 1.85E-03 4.3E-06 0.2% 1.46% 409.9 6.0
118 15041-02A Hcg 34 0.0162 -0.0028 0.015 100 455.9 5.40 1.18% 1.85E-03 4.3E-06 0.2% 2.68% 455.9 12.2
119 15041-03A Hcg 34 0.0001 0.0042 0.012 100 403.8 6.53 1.62% 1.85E-03 4.3E-06 0.2% 2.98% 403.8 12.0
120 15041-04A Hcg 34 0.0010 0.0281 0.009 100 810.4 9.42 1.16% 1.85E-03 4.3E-06 0.2% 1.47% 810.4 11.9
121 15041-05A Hcg 34 0.0006 -0.0009 0.036 100 414.1 2.86 0.69% 1.85E-03 4.3E-06 0.2% 1.14% 414.1 4.7
122 15041-07A Hcg 34 -0.0341 0.0048 0.021 98.7 408.2 4.1 1.0% 1.85E-03 4.3E-06 0.2% 1.04% 408.2 4.2
123 15041-08A Hcg 34 -0.0368 -0.0002 0.016 100.0 431.2 5.2 1.2% 1.85E-03 4.3E-06 0.2% 1.22% 431.2 5.3
124 15041-09A Hcg 34 -0.1103 -0.0005 0.008 98.8 442.2 9.4 2.1% 1.85E-03 4.3E-06 0.2% 2.13% 442.2 9.4
125 15041-10A Hcg 34 0.0652 0.0035 0.02 99.8 403.4 4.0 1.0% 1.85E-03 4.3E-06 0.2% 1.01% 403.4 4.1
126 15041-12A Hcg 34 -0.4967 -0.0013 0.005 100 417.3 13.09 3.14% 1.85E-03 4.3E-06 0.2% 3.40% 417.3 14.2
127 15041-13A Hcg 34 -0.0405 -0.0119 0.018 99.7 828.4 5.1 0.6% 1.85E-03 4.3E-06 0.2% 0.66% 828.4 5.5
128 15041-14A Hcg 34 -0.0577 0.0006 0.006 96.8 1254.1 15.9 1.3% 1.85E-03 4.3E-06 0.2% 1.29% 1254.1 16.2
129 15041-15A Hcg 34 0.0756 0.0092 0.015 95.6 422.9 5.1 1.2% 1.85E-03 4.3E-06 0.2% 1.22% 422.9 5.2
130 15041-16A Hcg 34 0.1753 0.0083 0.011 99.0 433.0 6.7 1.5% 1.85E-03 4.3E-06 0.2% 1.55% 433.0 6.7
131 15041-17A Hcg 34 -0.2581 -0.0416 0.005 94.9 581.2 13.5 2.3% 1.85E-03 4.3E-06 0.2% 2.34% 581.2 13.6
226
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
132 15041-18A Hcg 34 -0.1359 -0.0273 0.008 99.6 440.9 8.5 1.9% 1.85E-03 4.3E-06 0.2% 1.95% 440.9 8.6
133 15041-21A Hcg 34 0.1609 -0.0064 0.013 98.7 404.0 5.6 1.4% 1.85E-03 4.3E-06 0.2% 1.41% 404.0 5.7
134 15041-20A Hcg 34 0.0526 0.0171 0.007 85.2 398.6 9.3 2.3% 1.85E-03 4.3E-06 0.2% 2.34% 398.6 9.3
135 17474-07A Horn E5 0.0166 0.0027 0.034 97.6 401.4 2.0 0.5% 1.86E-03 2.4E-06 0.1% 0.51% 401.4 2.1
136 17474-08A Horn E5 0.0130 -0.0058 0.027 93.9 446.0 2.7 0.6% 1.86E-03 2.4E-06 0.1% 0.63% 446.0 2.8
137 17474-10A Horn E5 0.0052 0.0005 0.032 95.6 405.3 2.1 0.5% 1.86E-03 2.4E-06 0.1% 0.54% 405.3 2.2
138 17474-11A Horn E5 0.0155 -0.0027 0.021 97.7 415.9 3.0 0.7% 1.86E-03 2.4E-06 0.1% 0.73% 415.9 3.0
139 17474-12A Horn E5 0.0187 -0.0037 0.019 93.6 407.8 3.1 0.8% 1.86E-03 2.4E-06 0.1% 0.78% 407.8 3.2
140 17476-01A Horn E3 0.0298 -0.0023 0.054 99.3 402.8 1.9 0.5% 1.86E-03 2.4E-06 0.1% 0.48% 402.8 1.9
141 17476-02A Horn E3 0.0050 -0.0020 0.106 98.2 400.0 1.1 0.3% 1.86E-03 2.4E-06 0.1% 0.31% 400.0 1.2
142 17476-03A Horn E3 0.0165 -0.0064 0.034 99.3 879.7 3.7 0.4% 1.86E-03 2.4E-06 0.1% 0.44% 879.7 3.9
143 17476-04A Horn E3 0.0079 0.0006 0.149 98.4 420.5 1.0 0.2% 1.86E-03 2.4E-06 0.1% 0.28% 420.5 1.2
144 17478-01A Horn E3 0.0115 -0.0012 0.108 96.1 407.4 1.1 0.3% 1.86E-03 2.4E-06 0.1% 0.31% 407.4 1.3
145 17478-03A Horn E3 0.0245 -0.0012 0.103 97.3 514.1 1.5 0.3% 1.86E-03 2.4E-06 0.1% 0.32% 514.1 1.6
146 17478-04A Horn E3 0.0261 -0.0003 0.167 98.3 417.6 1.1 0.3% 1.86E-03 2.4E-06 0.1% 0.29% 417.6 1.2
147 17478-05A Horn E3 0.0048 0.0012 0.122 98.0 414.3 1.2 0.3% 1.86E-03 2.4E-06 0.1% 0.32% 414.3 1.3
148 17478-06A Horn E3 0.0279 -0.0025 0.153 99.1 405.7 1.0 0.3% 1.86E-03 2.4E-06 0.1% 0.29% 405.7 1.2
149 17478-08A Horn E3 0.0143 -0.0011 0.069 99.0 402.9 1.3 0.3% 1.86E-03 2.4E-06 0.1% 0.35% 402.9 1.4
150 17478-09A Horn E3 0.0172 -0.0009 0.046 97.3 400.3 1.9 0.5% 1.86E-03 2.4E-06 0.1% 0.49% 400.3 1.9
151 17478-10A Horn E3 0.0071 -0.0011 0.123 98.4 401.6 1.1 0.3% 1.86E-03 2.4E-06 0.1% 0.31% 401.6 1.2
152 17478-11A Horn E3 0.0295 -0.0058 0.028 96.3 397.8 2.6 0.6% 1.86E-03 2.4E-06 0.1% 0.66% 397.8 2.6
153 17478-12A Horn E3 0.0108 0.0014 0.042 95.3 411.1 2.1 0.5% 1.86E-03 2.4E-06 0.1% 0.53% 411.1 2.2
154 17478-13A Horn E3 0.0069 0.0043 0.036 97.4 423.6 2.5 0.6% 1.86E-03 2.4E-06 0.1% 0.60% 423.6 2.5
155 17478-14A Horn E3 0.0067 -0.0014 0.211 99.0 414.2 1.0 0.2% 1.86E-03 2.4E-06 0.1% 0.27% 414.2 1.1
156 15036-01A Hcg 70 -0.0101 0.0141 0.007 100 411.7 10.27 2.49% 1.85E-03 4.3E-06 0.2% 4.63% 411.7 19.1
157 15036-02A Hcg 70 -0.0252 0.0302 0.01 100 450.2 7.83 1.74% 1.85E-03 4.3E-06 0.2% 3.64% 450.2 16.4
158 15036-03A Hcg 70 -0.0065 0.0447 0.003 100 450.5 27.43 6.09% 1.85E-03 4.3E-06 0.2% 13.46% 450.5 60.6
159 15036-04A Hcg 70 0.0152 0.0209 0.006 100 452.7 12.55 2.77% 1.85E-03 4.3E-06 0.2% 3.54% 452.7 16.0
160 15036-05A Hcg 70 0.0008 0.0159 0.014 100 402.5 5.66 1.41% 1.85E-03 4.3E-06 0.2% 2.78% 402.5 11.2
161 15036-06A Hcg 70 -0.1494 0.0033 0.009 99.3 465.2 6.0 1.3% 1.85E-03 4.3E-06 0.2% 1.30% 465.2 6.1
162 15036-07A Hcg 70 -0.0099 -0.0046 0.029 98.2 409.7 2.7 0.7% 1.85E-03 4.3E-06 0.2% 0.70% 409.7 2.9
163 15036-08A Hcg 70 -0.1379 -0.0203 0.007 96.5 408.6 6.6 1.6% 1.85E-03 4.3E-06 0.2% 1.63% 408.6 6.7
164 15036-09A Hcg 70 -0.0151 0.0024 0.005 98.5 403.2 9.0 2.2% 1.85E-03 4.3E-06 0.2% 2.25% 403.2 9.1
165 15036-10A Hcg 70 -0.1171 0.0074 0.015 98.4 432.8 3.6 0.8% 1.85E-03 4.3E-06 0.2% 0.86% 432.8 3.7
227
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
166 15036-11A Hcg 70 -0.0590 -0.0092 0.016 91.2 404.2 3.8 0.9% 1.85E-03 4.3E-06 0.2% 0.96% 404.2 3.9
167 15036-14A Hcg 70 -0.0236 0.0016 0.018 98.5 427.4 3.4 0.8% 1.85E-03 4.3E-06 0.2% 0.82% 427.4 3.5
168 15036-15A Hcg 70 0.0276 -0.0037 0.042 99.5 405.4 1.9 0.5% 1.85E-03 4.3E-06 0.2% 0.53% 405.4 2.1
169 15036-17A Hcg 70 0.0206 -0.0055 0.036 98.8 405.5 2.3 0.6% 1.85E-03 4.3E-06 0.2% 0.61% 405.5 2.5
170 15036-18A Hcg 70 -0.0351 0.0042 0.004 93.1 414.1 10.6 2.6% 1.85E-03 4.3E-06 0.2% 2.57% 414.1 10.7
171 15036-19A Hcg 70 0.0594 0.0276 0.004 97.3 402.3 10.7 2.7% 1.85E-03 4.3E-06 0.2% 2.68% 402.3 10.8
172 15036-20A Hcg 70 0.0021 0.0329 0.005 98.6 492.7 10.2 2.1% 1.85E-03 4.3E-06 0.2% 2.08% 492.7 10.2
173 15774-01A Horn-F1 0.0034 -0.0012 0.506 99.2 412.6 0.6 0.1% 3.70E-03 2.9E-06 0.1% 0.16% 412.6 0.7
174 15774-02A Horn-F1 0.0116 -0.0011 0.111 98.5 418.9 0.8 0.2% 3.70E-03 2.9E-06 0.1% 0.21% 418.9 0.9
175 15774-03A Horn-F1 0.0041 0.0002 0.137 98.8 413.8 0.7 0.2% 3.70E-03 2.9E-06 0.1% 0.19% 413.8 0.8
176 15774-04A Horn-F1 0.0053 -0.0029 0.057 98.4 444.8 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.33% 444.8 1.5
177 15774-05A Horn-F1 0.0060 -0.0014 0.018 96.8 411.7 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.83% 411.7 3.4
178 15774-06A Horn-F1 0.0073 0.0002 0.06 98.6 412.1 1.2 0.3% 3.70E-03 2.9E-06 0.1% 0.30% 412.1 1.2
179 15774-07A Horn-F1 0.0047 -0.0010 0.039 97.0 409.0 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.43% 409.0 1.8
180 15774-08A Horn-F1 0.0217 0.0027 0.017 97.4 410.3 3.6 0.9% 3.70E-03 2.9E-06 0.1% 0.88% 410.3 3.6
181 15774-09A Horn-F1 0.0051 -0.0014 0.054 98.0 409.9 1.3 0.3% 3.70E-03 2.9E-06 0.1% 0.34% 409.9 1.4
182 15774-10A Horn-F1 -0.0017 -0.0032 0.03 98.5 432.7 2.1 0.5% 3.70E-03 2.9E-06 0.1% 0.50% 432.7 2.2
183 15774-11A Horn-F1 0.0040 -0.0004 0.054 97.3 421.5 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.35% 421.5 1.5
184 15774-12A Horn-F1 0.0083 0.0003 0.036 98.1 403.7 1.8 0.5% 3.70E-03 2.9E-06 0.1% 0.46% 403.7 1.9
185 15774-13A Horn-F1 0.0096 0.0004 0.054 99.2 425.3 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.35% 425.3 1.5
186 15774-14A Horn-F1 -0.0006 -0.0007 0.041 98.7 406.8 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.41% 406.8 1.7
187 15774-15A Horn-F1 0.0044 -0.0007 0.165 98.8 412.7 0.7 0.2% 3.70E-03 2.9E-06 0.1% 0.19% 412.7 0.8
188 15776-01A Horm-F3 -0.0248 -0.0022 0.079 94.9 427.6 2.3 0.5% 3.70E-03 2.9E-06 0.1% 0.55% 427.6 2.4
189 15776-02A Horm-F3 0.0074 -0.0027 0.093 97.7 422.1 2.1 0.5% 3.70E-03 2.9E-06 0.1% 0.50% 422.1 2.1
190 15776-03A Horm-F3 0.0110 -0.0010 0.032 97.5 420.7 6.3 1.5% 3.70E-03 2.9E-06 0.1% 1.49% 420.7 6.3
191 15776-04A Horm-F3 0.0066 0.0013 0.113 97.7 433.8 2.8 0.6% 3.70E-03 2.9E-06 0.1% 0.65% 433.8 2.8
192 15776-05A Horm-F3 0.0163 0.0006 0.181 97.9 411.0 1.8 0.4% 3.70E-03 2.9E-06 0.1% 0.45% 411.0 1.9
193 15776-06A Horm-F3 0.0109 0.0002 0.411 98.4 420.2 0.9 0.2% 3.70E-03 2.9E-06 0.1% 0.24% 420.2 1.0
194 15776-07A Horm-F3 0.0223 0.0031 0.114 97.1 429.3 2.8 0.7% 3.70E-03 2.9E-06 0.1% 0.66% 429.3 2.9
195 15776-08A Horm-F3 0.0126 0.0010 0.198 97.4 429.4 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.41% 429.4 1.7
196 15776-09A Horm-F3 0.0081 0.0005 0.083 98.5 409.7 3.9 1.0% 3.70E-03 2.9E-06 0.1% 0.96% 409.7 3.9
197 15776-10A Horm-F3 0.0101 0.0002 0.22 97.9 427.3 1.6 0.4% 3.70E-03 2.9E-06 0.1% 0.38% 427.3 1.6
198 15776-11A Horm-F3 0.0124 0.0008 0.129 97.8 433.6 2.6 0.6% 3.70E-03 2.9E-06 0.1% 0.61% 433.6 2.6
199 15776-12A Horm-F3 0.0071 0.0005 0.229 98.4 417.1 1.6 0.4% 3.70E-03 2.9E-06 0.1% 0.38% 417.1 1.6
228
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
200 15776-13A Horm-F3 0.0221 -0.0008 0.205 98.5 448.7 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.39% 448.7 1.8
201 15776-14A Horm-F3 0.0363 -0.0010 0.205 98.3 430.2 1.7 0.4% 3.70E-03 2.9E-06 0.1% 0.41% 430.2 1.8
202 15776-15A Horm-F3 0.0195 0.0019 0.291 98.2 429.8 1.3 0.3% 3.70E-03 2.9E-06 0.1% 0.31% 429.8 1.4
203 15777-01A Horn-F6 0.0027 0.0004 0.034 98.8 448.0 1.9 0.4% 3.70E-03 2.9E-06 0.1% 0.43% 448.0 1.9
204 15777-02A Horn-F6 0.0047 -0.0006 0.023 95.7 412.7 2.8 0.7% 3.70E-03 2.9E-06 0.1% 0.68% 412.7 2.8
205 15777-03A Horn-F6 0.0029 -0.0007 0.037 98.4 443.5 1.9 0.4% 3.70E-03 2.9E-06 0.1% 0.43% 443.5 1.9
206 15777-04A Horn-F6 0.0459 0.0012 0.027 98.4 406.0 2.4 0.6% 3.70E-03 2.9E-06 0.1% 0.59% 406.0 2.4
207 15777-05A Horn-F6 0.0101 0.0002 0.072 98.2 414.4 1.1 0.3% 3.70E-03 2.9E-06 0.1% 0.27% 414.4 1.1
208 15777-06A Horn-F6 0.0116 -0.0016 0.022 97.9 419.2 2.9 0.7% 3.70E-03 2.9E-06 0.1% 0.69% 419.2 2.9
209 15777-07A Horn-F6 0.0253 -0.0007 0.056 98.3 422.2 1.3 0.3% 3.70E-03 2.9E-06 0.1% 0.32% 422.2 1.3
210 15777-08A Horn-F6 -0.0087 -0.0024 0.011 90.8 409.0 5.6 1.4% 3.70E-03 2.9E-06 0.1% 1.36% 409.0 5.6
211 15777-09A Horn-F6 0.1401 0.0047 0.023 97.6 417.8 2.7 0.6% 3.70E-03 2.9E-06 0.1% 0.65% 417.8 2.7
212 15777-10A Horn-F6 0.0161 0.0001 0.017 97.8 406.7 3.7 0.9% 3.70E-03 2.9E-06 0.1% 0.91% 406.7 3.7
213 15777-11A Horn-F6 -0.0006 -0.0028 0.028 98.2 436.8 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.52% 436.8 2.3
214 15777-12A Horn-F6 0.0030 0.0023 0.024 95.5 414.4 2.6 0.6% 3.70E-03 2.9E-06 0.1% 0.63% 414.4 2.6
215 15777-14A Horn-F6 0.0038 0.0013 0.028 99.0 407.0 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.55% 407.0 2.2
216 15777-15A Horn-F6 0.0096 0.0009 0.055 97.9 429.3 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.34% 429.3 1.4
217 16443-01A Horn - G2 0.0047 -0.0002 0.009 95.1 418.3 2.5 0.6% 1.84E-03 9.3E-07 0.1% 0.60% 418.3 2.5
218 16443-02A Horn - G2 -0.0010 -0.0016 0.008 97.1 412.4 2.7 0.7% 1.84E-03 9.3E-07 0.1% 0.66% 412.4 2.7
219 16443-03A Horn - G2 -0.0082 0.0055 0.011 96.5 405.1 2.3 0.6% 1.84E-03 9.3E-07 0.1% 0.57% 405.1 2.3
220 16443-04A Horn - G2 -0.0208 -0.0015 0.007 94.4 401.3 2.9 0.7% 1.84E-03 9.3E-07 0.1% 0.72% 401.3 2.9
221 16443-05A Horn - G2 -0.0014 0.0053 0.023 98.5 426.1 1.9 0.4% 1.84E-03 9.3E-07 0.1% 0.45% 426.1 1.9
222 16443-06A Horn - G2 -0.0212 0.0030 0.006 95.1 427.5 3.1 0.7% 1.84E-03 9.3E-07 0.1% 0.73% 427.5 3.1
223 16443-07A Horn - G2 0.0021 0.0029 0.006 96.2 415.1 3.7 0.9% 1.84E-03 9.3E-07 0.1% 0.89% 415.1 3.7
224 16443-08A Horn - G2 -0.0202 -0.0041 0.012 97.2 455.5 2.4 0.5% 1.84E-03 9.3E-07 0.1% 0.54% 455.5 2.4
225 16443-09A Horn - G2 -0.0030 -0.0014 0.013 97.3 411.8 2.1 0.5% 1.84E-03 9.3E-07 0.1% 0.52% 411.8 2.1
226 16443-10A Horn - G2 0.0078 0.0001 0.013 98.7 411.6 2.1 0.5% 1.84E-03 9.3E-07 0.1% 0.50% 411.6 2.1
227 16443-11A Horn - G2 0.0155 0.0005 0.008 96.6 413.2 2.6 0.6% 1.84E-03 9.3E-07 0.1% 0.62% 413.2 2.6
228 16443-12A Horn - G2 0.0078 0.0021 0.009 92.1 419.5 2.9 0.7% 1.84E-03 9.3E-07 0.1% 0.69% 419.5 2.9
229 16443-13A Horn - G2 0.0013 0.0007 0.014 97.6 413.6 2.1 0.5% 1.84E-03 9.3E-07 0.1% 0.52% 413.6 2.2
229
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
230 15778-01A Horn-G4 0.0059 0.0014 0.027 96.3 431.7 2.3 0.5% 3.70E-03 2.9E-06 0.1% 0.55% 431.7 2.4
231 15778-02A Horn-G4 0.0095 -0.0003 0.048 98.1 419.7 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.35% 419.7 1.5
232 15778-03A Horn-G4 0.0194 -0.0104 0.003 94.0 441.7 17.4 3.9% 3.70E-03 2.9E-06 0.1% 3.95% 441.7 17.4
233 15778-04A Horn-G4 0.1208 -0.0001 0.035 98.5 401.3 1.9 0.5% 3.70E-03 2.9E-06 0.1% 0.47% 401.3 1.9
234 15778-05A Horn-G4 0.0170 0.0013 0.016 94.1 416.1 3.8 0.9% 3.70E-03 2.9E-06 0.1% 0.91% 416.1 3.8
235 15778-06A Horn-G4 0.0110 0.0024 0.013 97.2 425.8 4.4 1.0% 3.70E-03 2.9E-06 0.1% 1.03% 425.8 4.4
236 15778-07A Horn-G4 0.0059 0.0010 0.024 94.9 403.8 2.5 0.6% 3.70E-03 2.9E-06 0.1% 0.64% 403.8 2.6
237 15778-08A Horn-G4 0.0335 0.0078 0.008 96.5 450.5 6.8 1.5% 3.70E-03 2.9E-06 0.1% 1.52% 450.5 6.9
238 15778-09A Horn-G4 0.0103 -0.0006 0.01 97.6 482.9 5.3 1.1% 3.70E-03 2.9E-06 0.1% 1.09% 482.9 5.3
239 15778-10A Horn-G4 0.0197 -0.0031 0.029 97.8 418.6 2.2 0.5% 3.70E-03 2.9E-06 0.1% 0.52% 418.6 2.2
240 15778-11A Horn-G4 0.0180 0.0023 0.014 95.4 439.3 4.1 0.9% 3.70E-03 2.9E-06 0.1% 0.94% 439.3 4.1
241 15778-12A Horn-G4 0.0001 0.0009 0.037 97.0 468.1 1.8 0.4% 3.70E-03 2.9E-06 0.1% 0.39% 468.1 1.8
242 15778-13A Horn-G4 0.0731 0.0025 0.004 97.9 749.4 12.4 1.6% 3.70E-03 2.9E-06 0.1% 1.65% 749.4 12.4
243 15778-14A Horn-G4 0.0086 -0.0017 0.021 98.2 428.3 2.8 0.7% 3.70E-03 2.9E-06 0.1% 0.66% 428.3 2.8
244 15778-15A Horn-G4 -0.0321 0.0038 0.006 96.0 439.3 8.7 2.0% 3.70E-03 2.9E-06 0.1% 1.97% 439.3 8.7
245 W10A28872     CWN 25  0.0057 -0.1376 0.0090 -- 425.0 2.776 0.7% 1.29E-02 6.4E-05 0.5 1.58% 425.0 6.72
246 W10A28873     CWN 25  0.0126 -0.2235 0.0138 -- 431.1 1.391 0.3% 1.29E-02 6.4E-05 0.5 1.10% 431.1 4.74
247 W10A28875     CWN 25  0.0171 0.0411 0.0204 -- 421.7 1.096 0.3% 1.29E-02 6.4E-05 0.5 1.03% 421.7 4.35
248 W10A28876     CWN 25  0.0128 0.0816 0.0216 -- 410.8 1.844 0.4% 1.29E-02 6.4E-05 0.5 1.27% 410.8 5.21
249 W10A28878     CWN 25  0.0167 0.0437 0.0086 -- 413.7 1.909 0.5% 1.29E-02 6.4E-05 0.5 1.28% 413.7 5.31
250 W10A28879     CWN 25  0.0128 -0.0626 0.0088 -- 368.1 2.538 0.7% 1.29E-02 6.4E-05 0.5 1.65% 368.1 6.07
251 W10A28882     CWN 25  0.0119 0.0454 0.0542 -- 414.4 0.709 0.2% 1.29E-02 6.4E-05 0.5 0.96% 414.4 3.96
252 W10A28884     CWN 25  0.0146 -0.1107 0.0113 -- 405.0 1.932 0.5% 1.29E-02 6.4E-05 0.5 1.31% 405.0 5.30
253 W10A28885     CWN 25  0.0118 0.1076 0.0121 -- 418.5 2.455 0.6% 1.29E-02 6.4E-05 0.5 1.47% 418.5 6.17
254 15779-01A Horn-H2 -0.0001 0.0001 0.035 96.1 426.7 1.8 0.4% 3.70E-03 2.9E-06 0.1% 0.42% 426.7 1.8
255 15779-02A Horn-H2 0.0025 -0.0002 0.034 98.3 436.9 1.9 0.4% 3.70E-03 2.9E-06 0.1% 0.43% 436.9 1.9
256 15779-03A Horn-H2 0.0250 -0.0017 0.064 98.1 416.5 1.1 0.3% 3.70E-03 2.9E-06 0.1% 0.28% 416.5 1.2
257 15779-04A Horn-H2 0.0053 0.0017 0.073 97.4 415.4 1.0 0.3% 3.70E-03 2.9E-06 0.1% 0.26% 415.4 1.1
258 15779-05A Horn-H2 -0.0025 -0.0013 0.042 97.1 411.6 1.6 0.4% 3.70E-03 2.9E-06 0.1% 0.38% 411.6 1.6
259 15779-06A Horn-H2 0.0030 0.0017 0.021 95.6 434.9 2.9 0.7% 3.70E-03 2.9E-06 0.1% 0.67% 434.9 2.9
260 15779-07A Horn-H2 0.0109 -0.0013 0.034 97.1 405.0 1.8 0.4% 3.70E-03 2.9E-06 0.1% 0.45% 405.0 1.8
230
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
261 15779-08A Horn-H2 -0.0068 -0.0014 0.018 96.4 410.5 3.1 0.8% 3.70E-03 2.9E-06 0.1% 0.77% 410.5 3.2
262 15779-09A Horn-H2 0.0123 0.0028 0.031 96.1 460.6 2.0 0.4% 3.70E-03 2.9E-06 0.1% 0.44% 460.6 2.0
263 15779-10A Horn-H2 -0.0055 -0.0001 0.061 96.5 410.6 1.2 0.3% 3.70E-03 2.9E-06 0.1% 0.30% 410.6 1.2
264 15779-11A Horn-H2 0.0000 -0.0001 0.092 96.9 513.1 1.0 0.2% 3.70E-03 2.9E-06 0.1% 0.21% 513.1 1.1
265 15779-12A Horn-H2 0.0010 0.0015 0.021 98.1 433.7 2.8 0.7% 3.70E-03 2.9E-06 0.1% 0.66% 433.7 2.9
266 15779-13A Horn-H2 0.0017 -0.0002 0.133 98.2 413.9 0.8 0.2% 3.70E-03 2.9E-06 0.1% 0.21% 413.9 0.9
267 15779-14A Horn-H2 -0.0087 -0.0006 0.011 97.4 409.2 5.4 1.3% 3.70E-03 2.9E-06 0.1% 1.32% 409.2 5.4
268 15779-15A Horn-H2 -0.0014 -0.0009 0.033 96.4 417.1 1.9 0.4% 3.70E-03 2.9E-06 0.1% 0.45% 417.1 1.9
269 15780-01A Horn-H3 0.0156 0.0007 0.031 96.8 421.9 2.0 0.5% 3.70E-03 2.9E-06 0.1% 0.48% 421.9 2.0
270 15780-02A Horn-H3 0.0686 -0.0006 0.323 99.1 396.1 0.5 0.1% 3.70E-03 2.9E-06 0.1% 0.15% 396.1 0.6
271 15780-03A Horn-H3 -0.0008 -0.0005 0.082 96.2 414.9 1.0 0.2% 3.70E-03 2.9E-06 0.1% 0.26% 414.9 1.1
272 15780-04A Horn-H3 0.0018 -0.0004 0.08 97.9 409.2 1.0 0.2% 3.70E-03 2.9E-06 0.1% 0.26% 409.2 1.1
273 15780-05A Horn-H3 -0.0026 -0.0043 0.013 96.2 426.0 4.5 1.1% 3.70E-03 2.9E-06 0.1% 1.07% 426.0 4.6
274 15780-06A Horn-H3 0.0046 0.0005 0.141 96.9 409.4 0.7 0.2% 3.70E-03 2.9E-06 0.1% 0.19% 409.4 0.8
275 15780-07A Horn-H3 0.0059 -0.0009 0.027 95.5 441.1 2.3 0.5% 3.70E-03 2.9E-06 0.1% 0.52% 441.1 2.3
276 15780-08A Horn-H3 0.0039 0.0024 0.055 98.3 415.4 1.3 0.3% 3.70E-03 2.9E-06 0.1% 0.33% 415.4 1.4
277 15780-09A Horn-H3 0.0123 -0.0001 0.179 98.6 409.9 0.7 0.2% 3.70E-03 2.9E-06 0.1% 0.19% 409.9 0.8
278 15780-10A Horn-H3 0.0032 -0.0005 0.101 97.1 406.4 0.9 0.2% 3.70E-03 2.9E-06 0.1% 0.23% 406.4 0.9
279 15780-11A Horn-H3 0.0033 -0.0003 0.109 97.8 404.2 0.8 0.2% 3.70E-03 2.9E-06 0.1% 0.22% 404.2 0.9
280 15780-12A Horn-H3 0.0102 0.0012 0.018 97.7 435.5 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.78% 435.5 3.4
281 15780-13A Horn-H3 0.0097 0.0003 0.122 98.9 408.3 0.8 0.2% 3.70E-03 2.9E-06 0.1% 0.21% 408.3 0.9
282 15780-14A Horn-H3 -0.0009 0.0010 0.06 97.9 410.6 1.2 0.3% 3.70E-03 2.9E-06 0.1% 0.31% 410.6 1.3
283 15780-15A Horn-H3 -0.0006 -0.0001 0.053 95.6 406.9 1.4 0.3% 3.70E-03 2.9E-06 0.1% 0.35% 406.9 1.4
284 15781-17A Horn-I2 0.0032 -0.0009 0.084 98.8 424.9 3.2 0.8% 3.70E-03 2.9E-06 0.1% 0.76% 424.9 3.2
285 15781-18A Horn-I2 -0.0208 0.0010 0.034 96.8 422.7 3.9 0.9% 3.70E-03 2.9E-06 0.1% 0.92% 422.7 3.9
286 15781-19A Horn-I2 -0.0817 -0.0070 0.005 86.9 425.4 14.8 3.5% 3.70E-03 2.9E-06 0.1% 3.48% 425.4 14.8
287 15781-20A Horn-I2 -0.0006 -0.0014 0.045 98.6 423.9 3.5 0.8% 3.70E-03 2.9E-06 0.1% 0.82% 423.9 3.5
288 15781-21A Horn-I2 0.0062 -0.0037 0.038 97.8 399.3 3.6 0.9% 3.70E-03 2.9E-06 0.1% 0.90% 399.3 3.6
289 15781-22A Horn-I2 0.0093 0.0003 0.252 99.4 430.1 3.1 0.7% 3.70E-03 2.9E-06 0.1% 0.72% 430.1 3.1
290 15781-24A Horn-I2 0.0137 0.0004 0.132 99.6 425.0 3.1 0.7% 3.70E-03 2.9E-06 0.1% 0.72% 425.0 3.1
291 15781-25A Horn-I2 0.0017 -0.0004 0.08 99.1 407.0 3.1 0.8% 3.70E-03 2.9E-06 0.1% 0.76% 407.0 3.1
292 15781-26A Horn-I2 0.0113 0.0007 0.079 99.2 425.0 3.2 0.8% 3.70E-03 2.9E-06 0.1% 0.76% 425.0 3.2
293 15781-27A Horn-I2 0.0329 -0.0011 0.295 99.3 423.7 3.0 0.7% 3.70E-03 2.9E-06 0.1% 0.72% 423.7 3.1
294 15781-28A Horn-I2 0.0112 0.0002 0.043 98.6 422.0 3.5 0.8% 3.70E-03 2.9E-06 0.1% 0.84% 422.0 3.6
231
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
295 15781-29A Horn-I2 0.0244 0.0011 0.048 99.0 424.7 3.4 0.8% 3.70E-03 2.9E-06 0.1% 0.81% 424.7 3.5
296 17471-02A Horn-I2 0.0418 -0.0016 0.507 98.4 417.3 0.7 0.2% 1.86E-03 2.4E-06 0.1% 0.22% 417.3 0.9
297 17471-03A Horn-I2 0.0103 -0.0007 0.039 91.3 410.4 2.1 0.5% 1.86E-03 2.4E-06 0.1% 0.53% 410.4 2.2
298 17471-04A Horn-I2 0.1018 -0.0013 0.378 97.6 416.7 0.8 0.2% 1.86E-03 2.4E-06 0.1% 0.22% 416.7 0.9
299 17471-05A Horn-I2 0.0366 -0.0012 0.757 99.0 408.7 0.8 0.2% 1.86E-03 2.4E-06 0.1% 0.23% 408.7 0.9
300 17471-06A Horn-I2 0.0135 -0.0003 0.204 98.1 406.4 0.9 0.2% 1.86E-03 2.4E-06 0.1% 0.25% 406.4 1.0
301 17471-07A Horn-I2 0.0029 0.0016 0.214 99.4 425.1 1.0 0.2% 1.86E-03 2.4E-06 0.1% 0.27% 425.1 1.1
302 17471-08A Horn-I2 0.0025 -0.0004 0.139 99.5 431.2 1.2 0.3% 1.86E-03 2.4E-06 0.1% 0.32% 431.2 1.4
303 17471-09A Horn-I2 0.0186 -0.0006 0.119 98.8 421.7 1.3 0.3% 1.86E-03 2.4E-06 0.1% 0.34% 421.7 1.4
304 W10A28887     CWN 24  0.0075 0.0375 0.0155 -- 391.9 1.041 0.266% 0.01285618 6.4E-05 0.5 1.04% 391.9 4.1
305 W10A28888     CWN 24  0.0117 0.0068 0.0859 -- 394.3 0.908 0.230% 0.01285618 6.4E-05 0.5 1.01% 394.3 4.0
306 W10A28892     CWN 24  0.0127 -0.0324 0.0145 -- 402.5 2.743 0.682% 0.01285618 6.4E-05 0.5 1.63% 402.5 6.6
307 W10A28893     CWN 24  -0.0016 0.0000 0.0056 -- 458.0 4.456 0.973% 0.01285618 6.4E-05 0.5 2.14% 458.0 9.8
308 W10A28895     CWN 24  0.0063 0.1406 0.0067 -- 413.6 2.565 0.620% 0.01285618 6.4E-05 0.5 1.53% 413.6 6.3
309 W10A28899     CWN 24  0.0124 -0.0502 0.0141 -- 467.9 1.394 0.298% 0.01285618 6.4E-05 0.5 1.06% 467.9 5.0
310 W10A28901     CWN 23  0.0117 0.0550 0.0159 -- 422.4 1.958 0.464% 0.01282083 6.4E-05 0.5 1.29% 422.4 5.433
311 W10A28902     CWN 23  0.0112 0.0191 0.0212 -- 408.1 3.217 0.788% 0.01282083 6.4E-05 0.5 1.81% 408.1 7.398
312 W10A28904     CWN 23  0.0146 0.0800 0.0198 -- 408.1 1.696 0.416% 0.01282083 6.4E-05 0.5 1.22% 408.1 4.984
313 W10A28905     CWN 23  0.0109 -0.0152 0.0200 -- 410.3 1.408 0.343% 0.01282083 6.4E-05 0.5 1.13% 410.3 4.625
314 W10A28908     CWN 23  0.0111 -0.0204 0.0149 -- 396.8 2.064 0.520% 0.01282083 6.4E-05 0.5 1.37% 396.8 5.453
315 W10A28910     CWN 23  0.0114 0.0896 0.0362 -- 423.4 1.289 0.304% 0.01282083 6.4E-05 0.5 1.08% 423.4 4.570
316 W10A28960     CWN 24  0.0117 -0.0693 0.0095 -- 406.7 3.321 0.817% 0.01282083 6.4E-05 0.5 1.86% 406.7 7.6
317 W10A28964     CWN 24  -0.0040 0.0150 0.0055 -- 408.8 1.928 0.471% 0.01282083 6.4E-05 0.5 1.30% 408.8 5.3
318 W10A28966     CWN 23  0.0129 0.0300 0.0288 -- 428.9 0.618 0.144% 0.01282083 6.4E-05 0.5 0.94% 428.9 4.013
319 W10A28967     CWN 23  0.0128 -0.1589 0.0179 -- 455.6 1.756 0.385% 0.01282083 6.4E-05 0.5 1.17% 455.6 5.343
320 16444-01A Horn - J1 -0.0127 0.0026 0.005 98.2 397.0 3.6 0.9% 1.84E-03 9.3E-07 0.1% 0.91% 397.0 3.6
321 16444-02A Horn - J1 0.0166 -0.0052 0.013 98.8 395.0 2.0 0.5% 1.84E-03 9.3E-07 0.1% 0.51% 395.0 2.0
322 16444-06A Horn - J1 0.0430 0.0017 0.003 89.4 458.7 6.6 1.4% 1.84E-03 9.3E-07 0.1% 1.45% 458.7 6.6
323 16444-07A Horn - J1 -0.0298 -0.0015 0.003 97.0 641.1 6.3 1.0% 1.84E-03 9.3E-07 0.1% 0.98% 641.1 6.3
324 16444-08A Horn - J1 -0.0293 -0.0021 0.004 100 398.9 4.37 1.09% 1.84E-03 9.3E-07 0.1% 1.11% 398.9 4.4
232
# Run ID Sample Ca/K Cl/K Mol 39 %Ar40* Age ± % J ± % Incl J error % Age ±±
325 16444-09A Horn - J1 -0.0089 0.0038 0.007 98.8 422.9 2.9 0.7% 1.84E-03 9.3E-07 0.1% 0.69% 422.9 2.9
326 16444-11A Horn - J1 -0.0252 -0.0058 0.014 99.4 400.6 2.0 0.5% 1.84E-03 9.3E-07 0.1% 0.50% 400.6 2.0
327 15034-01A Hcg 72 -0.0113 -0.0026 0.003 96.5 396.7 5.0 1.3% 1.85E-03 4.3E-06 0.2% 1.29% 396.7 5.1
328 15034-03A Hcg 72 0.0176 -0.0138 0.005 93.2 395.2 3.8 1.0% 1.85E-03 4.3E-06 0.2% 0.98% 395.2 3.9
329 15034-06A Hcg 72 -0.0300 0.0302 0.005 98.9 421.1 9.5 2.3% 1.85E-03 4.3E-06 0.2% 2.28% 421.1 9.6
330 15034-07A Hcg 72 -0.0404 0.0055 0.025 99.3 402.6 2.9 0.7% 1.85E-03 4.3E-06 0.2% 0.76% 402.6 3.1
331 15034-08A Hcg 72 -0.0304 0.0014 0.028 99.9 444.9 2.5 0.6% 1.85E-03 4.3E-06 0.2% 0.61% 444.9 2.7
332 15034-09A Hcg 72 0.0087 0.0041 0.027 99.6 419.8 2.7 0.7% 1.85E-03 4.3E-06 0.2% 0.69% 419.8 2.9
333 15034-10A Hcg 72 0.0427 0.0097 0.011 98.8 401.5 4.6 1.1% 1.85E-03 4.3E-06 0.2% 1.17% 401.5 4.7
334 15034-12A Hcg 72 0.0251 0.0043 0.009 99.8 457.3 6.2 1.4% 1.85E-03 4.3E-06 0.2% 1.38% 457.3 6.3
335 15034-13A Hcg 72 0.1181 0.0081 0.01 96.9 403.2 5.4 1.3% 1.85E-03 4.3E-06 0.2% 1.35% 403.2 5.4
336 15034-14A Hcg 72 -0.1482 -0.0071 0.004 99.4 405.0 10.2 2.5% 1.85E-03 4.3E-06 0.2% 2.53% 405.0 10.2
337 15034-15A Hcg 72 -0.0075 0.0249 0.004 99.6 410.5 11.6 2.8% 1.85E-03 4.3E-06 0.2% 2.83% 410.5 11.6
338 15034-18A Hcg 72 0.0289 -0.0075 0.012 98.1 412.4 4.8 1.2% 1.85E-03 4.3E-06 0.2% 1.19% 412.4 4.9
339 15035-08A Hcg 75 -0.1590 -0.0613 0.003 97.1 423.0 13.9 3.3% 1.85E-03 4.3E-06 0.2% 3.31% 423.0 14.0
340 15035-09A Hcg 75 0.0358 0.0169 0.008 93.5 404.0 6.4 1.6% 1.85E-03 4.3E-06 0.2% 1.60% 404.0 6.5
341 15035-10A Hcg 75 -0.0835 -0.0030 0.006 96.2 425.6 8.5 2.0% 1.85E-03 4.3E-06 0.2% 2.02% 425.6 8.6
342 15035-11A Hcg 75 -0.0143 -0.0044 0.018 98.6 416.7 3.4 0.8% 1.85E-03 4.3E-06 0.2% 0.85% 416.7 3.5
Notes: Samples CWN 23, 24, 25 analyzed by C.Warren at Open University, U.K. 
--- Atmospheric argon ratios and discrimination ---
(40Ar/36Ar)atm 298.56 ± 0.31
(40Ar/38Ar)atm 1575 ± 2
--- Decay constants ---
Lambda 40K epsilon 5.755000e-11 ± 1.600000e-13
Lambda 40K Beta 4.973700e-10 ± 9.300000e-13
Lambda 37Ar 0.01975 ± 0
Lambda 39Ar 7.068000e-6 ± 0
Lambda 36Cl 6.308000e-9 ± 0
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Appendix IV: 40Ar/39Ar data for Bremangerlandet basement samples.
Hba-GN: single grain total fusion data
Run ID Ca/K Cl/K Mol39 %40* Age ± J value ±
16441-01A OK 0.00106 0.00018 1.534 97.8 413.5 1.8 1.84E-03 9.30E-07
16441-03A OK 0.00298 0.00053 0.391 97.1 408.4 1.8 1.84E-03 9.30E-07
16441-05A OK 0.00360 0.00005 0.539 97.6 407.0 1.7 1.84E-03 9.30E-07
16439-01A OK 0.00173 -0.00025 0.914 97 405.9 1.8 1.84E-03 9.30E-07
16439-02A OK 0.00635 -0.00039 1.382 98.5 408.0 1.7 1.84E-03 9.30E-07
16439-03A OK 0.00242 0.00074 0.178 93.3 411.0 2.5 1.84E-03 9.30E-07
16439-04A OK 0.00056 0.00141 0.254 96.3 414.0 2.0 1.84E-03 9.30E-07
16439-05A OK 0.00153 0.00027 0.815 97.8 408.4 1.7 1.84E-03 9.30E-07
Arith. Mean S.D. %S.D. Min Max n Median
409.5 3.0 0.73 405.9 414.0 8 408.4
Wtd. Mean S.E. %S.E. M.S.E. %M.S.E. MSWD Prob
409.2 0.6 0.16 1.03 0.25 2.53 0.01
Hba-QZ: single grain total fusion data
Run ID Ca/K Cl/K Mol39 %40* Age ± J value ±
16442-01A  omit 0.00091 -0.00083 3.189 98.9 361.0 1.5 1.84E-03 9.30E-07
16442-03A OK 0.00013 -0.00066 0.303 98.9 400.1 1.7 1.84E-03 9.30E-07
16442-05A OK 0.00084 0.00040 0.619 98.6 399.3 1.6 1.84E-03 9.30E-07
16442-06A OK 0.00098 -0.00113 0.301 97.6 395.2 1.8 1.84E-03 9.30E-07
16442-12A OK 0.00108 -0.00074 0.491 99.2 390.3 1.6 1.84E-03 9.30E-07
16442-13A OK 0.00165 0.00112 0.196 99.7 396.6 1.9 1.84E-03 9.30E-07
16442-15A OK 0.00029 -0.00042 0.691 98.8 393.8 1.6 1.84E-03 9.30E-07
Arith. Mean S.D. %S.D. Min Max n Median
395.9 3.7 0.92 390.3 400.1 6 395.9
Wtd. Mean S.E. %S.E. M.S.E. %M.S.E. MSWD Prob
395.8 0.7 0.18 1.5 0.39 4.85 0.00
235
Step heat
Hba - GN, Run ID# 16441-07 (J = 0.0018392 ± 9.338100e-7):
watts Ca/K Cl/K 40*/39 Mol 39 Cum % %40Ar* Age ±
16441-07A OK 1 0.00231 -0.00029 137.48 0.6069 71.1 98.4 406.7 1.3
16441-07B OK 2 0.00130 -0.00416 137.18 0.1025 83.1 99.5 405.9 1.5
16441-07C OK 4 0.01755 -0.00112 137.36 0.0336 87.1 99.3 406.4 1.9
16441-07D OK 8 0.00200 -0.00118 136.98 0.1102 100 99.6 405.4 1.5
Integ. Age= Integ. Age= 406.4 1.3
Arith. Mean S.D. %S.D. Min Max n Median
406.1 0.6 0.14 405.4 406.7 4 406.1
Wtd. Mean S.E. %S.E. M.S.E. %M.S.E. MSWD Prob
406.1 0.8 0.18 0.30 0.07 0.16 0.92
Hba - QZ, Run ID# 16442-16 (J = 0.0018392 ± 9.338100e-7):
watts Ca/K Cl/K 40*/39 Mol 39 Cum % %40Ar* Age ±
16442-16A OK 1 0.00197 -0.00044 134.54 0.3459 68.5 99.3 398.9 1.3
16442-16B OK 2 0.00647 -0.00229 134.10 0.0686 82.1 99.9 397.7 1.6
16442-16C OK 4 0.00600 0.00135 131.88 0.0276 87.6 99.8 391.8 2.4
16442-16D OK 8 -0.00539 0.00248 134.06 0.0626 100 99.8 397.6 1.7
Integ. Age= 398.2 1.3
Arith. Mean S.D. %S.D. Min Max n Median
396.5 3.2 0.81 391.8 398.9 4 397.7
Wtd. Mean S.E. %S.E. M.S.E. %M.S.E. MSWD Prob
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Integrated Age = 406.4 ± 1.3 Ma
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LA-ICPMS single grain zircon trace element data 
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Appendix V: single-grain LA-ICPMS trace element data from selected detrital zircons
Caledonian Best 
Ages Age 1 sig Th/U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Th U
hcg57-24 365 4.2 1.23 0.21 29.34 4.72 13.62 50.03 22.61 134.78 177.58 254.20 357.61 488.00 632.68 891.40 979.52 9638 211 172
hcg57-3 417.5 7.5 0.83 0.39 37.54 1.42 5.03 31.84 14.77 115.99 163.50 263.93 406.86 610.10 811.51 1194.94 1348.81 9738 103 124
hcg75-36 425.3 15.2 0.44 0.18 10.47 1.19 4.14 27.69 6.49 135.09 200.66 350.56 555.23 814.40 1080.07 1561.56 1622.40 10841 61 139
hcg75-44 429 6.6 0.21 12.93 79.26 19.48 22.40 50.25 31.73 135.47 192.97 314.72 497.89 775.16 1164.46 1874.93 2152.03 12575 178 844
hcg29-12 433.8 5.6 0.28 2.51 68.69 1.69 3.79 22.13 11.03 88.99 128.01 201.35 310.18 457.29 642.87 969.46 1151.42 4209 18 63
hcg29-13 427.9 15 0.42 15.20 86.65 33.06 45.34 108.31 73.28 222.75 281.61 382.95 533.96 775.53 1094.55 1770.16 2321.88 7708 154 366
hcg29-16 408.7 20.2 0.69 1.10 158.47 6.78 21.73 116.42 101.80 451.14 607.76 1019.29 1622.6 2520.86 3696.50 5861.88 6712.04 9668 251 366
hcg29-48 428.8 8.8 0.66 11.18 30.14 22.63 31.70 84.41 49.69 164.65 208.62 265.51 363.68 524.76 780.13 1371.2 1942.5 22415 516 784
hcg32-23 420.5 4.6 1.16 8.64 87.99 8.51 10.31 21.66 19.28 75.80 98.59 160.85 287.10 490.72 787.94 1400.6 2075.2 6196 947 820
hcg32-41 422.8 14.4 0.32 93.44 371.91 162.20 194.73 422.56 269.43 814.74 1070.58 1412.02 1891.1 2557.4 3390.0 5224.7 6203.4 14064 96 296
hcg32-80 430.2 18.2 0.91 7.25 91.43 10.06 12.62 35.89 27.87 110.87 154.39 244.40 388.73 612.58 921.10 1521.5 1836.6 16578 208 228
hcg32-81 424 8 0.24 5.86 55.18 5.89 10.79 35.86 18.80 128.65 181.51 287.69 448.66 660.98 903.65 1338.0 1481.9 3533 24 99
hcg32-94 423.1 8.1 0.91 12.38 158.14 32.02 48.96 161.50 120.73 486.23 670.95 1007.9 1523.3 2222.0 3073.4 4717.2 5333.6 14175 161 177
hcg72-17 418 10.2 0.48 11.75 130.23 8.60 14.27 46.27 28.52 158.94 218.73 353.39 547.65 821.30 1171.0 1764.5 2007.1 19516 78 163
hcg70-54d 417.1 19.2 0.69 1.33 7.19 1.34 2.12 8.93 3.31 46.79 69.87 127.13 218.76 332.34 495.20 805.35 898.16 12458 157 226
hcg70-61 419.8 2.5 0.76 2.86 41.99 5.61 8.04 21.47 10.95 64.43 87.54 139.11 214.41 322.53 484.74 791.45 935.93 10403 171 226
hcg70-61b 419.8 2.5 0.66 445.53 401.87 278.40 257.40 163.04 56.98 167.89 177.49 228.05 314.58 448.05 647.82 1051.7 1216.3 11530 96 146
hcg70-71 410.7 9.6 0.59 23.87 160.50 43.18 55.52 130.19 86.34 317.61 443.97 675.60 1096.9 1706.72 2536.8 4195.4 4914.2 11272 139 234
hcg70-72 418.7 8.3 0.80 13.11 143.93 29.14 43.12 91.97 64.13 197.39 250.14 368.95 589.24 963.75 1508.4 2544.5 3073.5 9432 90 112
hcg70-82 422.9 15.3 0.28 1.05 7.48 2.62 8.18 54.87 8.33 211.95 295.44 429.15 622.22 870.58 1153.3 1696.1 1856.5 3897 16 58
hcg70-85 441.5 5.1 0.92 1.46 70.46 4.47 16.31 83.96 52.05 290.49 409.99 626.22 925.94 1303.76 1775.9 2561.2 2691.4 6568 180 197
hcg70-92 423.2 7.1 0.82 306.76 328.02 234.62 222.61 169.88 50.66 251.12 310.00 448.33 678.30 951.31 1285.4 1853.2 2093.1 8013 466 567
hcg70-4 420.1 2.9 0.67 0.19 70.45 1.01 4.17 28.43 12.62 123.88 183.64 308.64 499.43 757.25 1068.4 1591.3 1820.7 10816 338 505
hcg70-4b 420.1 2.9 0.77 1.02 52.57 3.52 10.48 57.00 31.97 201.48 274.42 430.24 645.93 912.14 1215.4 1746.7 1900.6 10478 505 658
hcg70-6 425.4 5.5 0.76 0.26 38.51 1.48 5.45 33.54 26.21 166.25 241.10 417.11 701.48 1066.11 1466.2 2169.6 2544.0 23011 958 1267
hcg70-16 427.4 8.5 0.06 0.08 47.13 0.69 2.93 17.61 14.41 76.81 108.76 180.03 306.19 485.17 724.96 1178.4 1513.4 9167 57 911
hcg70-19 423.1 16.3 0.56 0.03 36.39 0.96 3.96 25.24 13.93 104.43 150.72 246.23 393.82 581.01 794.67 1178.1 1343.3 14072 367 656
hcg70-23 426.6 22.7 0.89 1.26 35.90 7.90 19.18 69.50 67.68 227.08 304.42 452.16 644.21 869.90 1127.1 1624.7 1746.8 10762 498 558
hcg70-20 412.6 9.4 0.78 126.03 197.76 162.23 194.83 267.92 150.96 378.66 436.31 552.49 723.64 960.94 1326.0 2103.6 2388.3 10562 141 180
hcg70-26 429.6 4.4 0.54 3.14 56.12 6.94 12.28 38.50 31.84 125.55 174.91 284.40 469.38 738.03 1114.5 1853.2 2334.9 31490 574 1060
hcg70-45 416.3 10.2 1.13 0.01 30.00 0.42 1.97 13.45 7.27 60.73 88.23 147.75 235.79 355.9 509.98 772.28 826.76 13321 399 352
239
Archean Best
Ages  Age 1 sig Th/U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Th U
hcg32-21 2142 15.2 0.41 0.00 47.83 0.40 1.02 4.64 3.69 31.15 47.97 100.73 201.41 396.71 703.86 1382.4 2013.2 22500 38 93
hcg32-51 2744 36.9 1.98 0.13 54.54 1.33 4.56 24.41 12.56 88.00 120.95 189.89 295.59 433.39 578.56 856.78 1013.59 15135 74 37
hcg32-54 2692 9.1 1.12 44.58 158.75 96.47 121.65 266.71 176.51 462.75 601.86 766.99 972.12 1279.7 1597.0 2273.0 2505.5 3785 212 190
hcg32-88 2867 3.7 0.50 3.38 26.00 6.26 7.75 20.09 23.40 76.36 113.98 197.05 344.26 591.78 924.97 1619.0 2100.0 14935 69 136
hcg70-95 2673 5.7 0.48 2.52 29.12 5.73 12.01 47.25 11.57 187.48 277.40 471.61 799.03 1216.9 1673.4 2478.2 2804.9 19516 78 163
hcg70-22 2882 13.2 0.28 0.36 3.93 0.38 0.82 6.31 4.76 28.67 49.61 88.49 128.97 187.02 276.07 452.45 483.67 3897 16 58
hcg72-92 2717 3 0.29 0.09 9.30 0.73 2.75 19.60 8.72 72.52 94.54 128.82 179.17 246.83 322.78 476.60 579.00 10472 71 241
hcg70-89 2673 5.7 0.24 1.40 7.07 3.12 4.36 10.13 7.42 23.33 30.58 48.04 81.66 140.69 249.34 485.39 638.91 3533 24 99
Metamorphic Best
U/Th Age 1 sig Th/U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Th U
hcg70-82 423 15.3 0.32 1.05 7.48 2.62 8.18 54.87 8.33 211.95 295.44 429.15 622.22 870.58 1153.3 1696.1 1856.5 14064 96 296
hcg29-88 438.8 8.8 0.01 1.09 5.18 2.18 2.67 6.70 5.04 28.00 48.26 97.59 177.04 293.24 435.96 695.26 867.60 12613 14 971
hcg70-67 1036 4.4 0.13 30.89 103.72 51.05 75.12 206.28 80.18 601.31 841.27 1415.43 2261.3 3409.6 4837.2 7918.5 9170.1 34893 249 1929




Age 1 sig Th/U La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Th U
Gabbro1 440 5 0.61 0.13 3.68 1.18 4.12 21.95 7.08 88.88 131.89 221.98 345.68 486.90 689.28 1016.38 870.66 3298 54 88
Gabbro2 440 5 0.72 0.09 3.27 0.55 4.08 12.43 6.39 65.76 101.32 177.48 284.54 423.36 555.75 773.72 840.27 3178 33 46
Gneiss1 UNK UNK 0.38 5.82 190.68 9.28 14.91 35.00 20.21 106.86 149.58 253.39 398.18 587.17 922.43 1543.56 1435.62 4675 94 248
granodiorite2 443 4 0.20 29.86 60.72 65.67 108.06 164.93 77.53 221.90 260.75 372.56 512.25 685.36 983.46 1557.47 1300.45 3604 78 387
granodiorite3 443 4 0.29 7.62 17.71 17.89 28.40 72.29 21.40 219.33 312.03 532.71 858.00 1215.9 1723.2 2555.9 2268.5 3620 73 253
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229.4±28.1 - - 






























225.1±17.7 - - 




















































244.9±39.4 - - 



















197.5±14.5 - - 








218.8±15.6 - - 





















(x 106 tracks.cm-2) 
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 (Pχ2)    
Hba-FT-
1 








193.7±21.9 - - 








231.6±18.9 - - 
Hba-FT-
2 



















228.9±30.9   



















207.2±15.4 - - 








164.8±20.3 - - 
 
Notes: 
(i). Analyses by external detector method using 0.5 for the 4π/2π geometry correction factor; 
(ii). Ages calculated using dosimeter glasses: IRMM540R with ζ540R = 368.1±14.9 (apatite) and IRMM541 with ζ541 = 121.1±3.5 (zircon); 
(iii). Pχ2 is the probability of obtaining a χ2 value for v degrees of freedom where v = no. of crystals - 1; 
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